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Regularities and Irregularities in the Ionosphere 


SrrR EDWARD APPLETON 
The University, Edinburg] 


SUMMARY 
\ general survey of ionospheri phenomena is give the regular variati 
layers, as illustrated by their intimate ce pendence enith distance, are cont 


{ m the world’s ionospheric statio1 


| Using results 
distortion, most robably due to atmosphe ri tidia 


of the Earth’s magnetic field. As an illustration of 


anomalous behaviour of the F’, lave 
behaviour is identified as geomagneti 
operating on an ionized medium in the presence 
geomagnetic control it is shown that. in the F’, lave 


southern hemisphere type of variation is more neat 


geographic equator, 
THE ionosphere is a shell of ionized air surrounding the Earth at high atmospheric 


Its regular ionization is furnished daily by photo-electric processes due to 


levels. 
Due. 


solar ultra-violet light, which radiation is completely absorbed in the process. 
however, to the low rate of electron recombination, some ionization persists through 
out the hours of darkness, especially in the highest strata of the ionosphere. With the 
advent of sunrise on the particular stratum in question, electron production is 


resumed and the ionization content increases. Unless disturbed by other influences 


the ionization of any layer in the ionosphere reaches its maximum value shortly 
after noon. This simple daily rhythm is, however, influenced by other regular effects 
due to the Sun and the Moon. The atmosphere at high levels is, for example, the seat 


of large scale oscillations due to the gravitational influence of the Sun and the Moon 


while the possibility of thermal changes due to solar heating cannot be entirely ruled 
In addition to these regular influences, the ionosphere is subject to irruptions 


out. 


of an irregular nature. Abnormal manifestations of ionization are found to ocem 


from time to time, due to both wave and particle radiations from sunspot areas and 


also as a result of the incursions of matter of a meteoric nature. 


It will readily be understood how the ionosphere becomes a sensitive index of solar 


variations of both wave and particle nature. Long-term radio studies of the ioniza 


tion content of the ), #, and F, layers of the ionosphere have, for example, confirmed 


the rise and fall of upper-atmospheric conductivity throughout the sunspot cycle—a 


variation indicated first by studies of geomagnetic variations—and have furthet 
shown that such variation is due to changes in the intensity of solar ultra-violet 
Similarly, ionospheric studies have indicated the level and magnitude of 


radiations. 
with solar flares. while recent studies of 


abnormal ionization effects associated 
ionospheric storms have disclosed previously unsuspected world-wide atmospheric 
events accompanying magnetic storms. It is no exaggeration, in fact, to claim the 
ionosphere asa laboratory in which experiments with solar radiations are continuously 
conducted for mankind to observe. The fact that this laboratory is such an elevated 


one provides, in addition, unparalleled opportunities for atomic studies of the 


manner and rate with which free electrons disappear at low gas pressures. 


1. GEOPHYSICAL TIME-SERIES OBTAINED IN IONOSPHERIC SOUNDING 


The quantities measured in ionospheric radio sounding at vertical incidence are: 
(a) the group time of flight of the waves on their up-and-down journey, (/) the 


‘) 
id 


rities and irregularities in the io 


intensity of the reflected waves, and (c) the state of their polarization. From (qa) it 
is possible to calculate the equivalent height of reflection /’; from (4) it is possible to 
calculate the ionospheric attenuation ( log p), where p is the reflection coefficient : 
while from (c) we can interpret the results in terms of the magneto-ionic theory. It 
will thus be seen that, if f is the radio frequency employed and ¢ the time, four 
relationships may be examined, namely: (/’, /),. log p. f),. (h’. t),. and ( log p. ft) 
lhe subscripts here refer to the quantities maintained constant.) 

{bout a hundred ionospheric sounding stations are now engaged in different 
parts of the world, on hourly determinations of the (/’, /), relation, from which the 
critical penetration frequencies fE, fF’. and [Fs may be obtained, vielding values of 
the maximum electron contents of the #, F,, and F, layers respectively. In addition, 
some of the stations under British control. notably Slough. in South-East England. 
make daily determinations of the log p. f), rel tionship 

The geophysical time-series. obtained by the lonospheric stations mentioned, 
constitutes a corpus of scientific information of very great value. In this article | 
mention only a few of the results revealed by an examination of this material. 


) 


2. IONIZATION DENSITIES IN THE EH AND F, LAYERS AND THEIR VARIATIONS 


l 


y 


[ sing the results of (/ f) determinations. the values of the maximum electron 


densities of the L/L, F. and F, lavers can be determined Such measurements are 


usually made hourly by the ionospheric stations mentioned above. Using the same 


h’. f) information, the variation of the electron density, .V, with actual height, h, 
may be determined In an approximate fashion. Such investigations show, fot example, 
that the £ layer is a relatively thin stratum while the F’, and F, layers are thicker. 
Much attention has been paid in this connection, to the determination of the semi 
thickness. y,. and maximum height. h of the equivalent parabolic laver, since 
these quantities, together with the laver critical frequency. determine the maximum 
usable frequency M.U.F which the lave will reflect in practical oblique in idence 
transmission over a specified distance 

In the case of the EK and F, lavers the variations of .\ with time at a given place, 
and with place at a given time, differ but little from what would be expected from 


simple theory based on the well-known equation 


Here do Is the rate of maximum electron production for vertical Sun 718 the solar 


zenith distance. x the effective recombination coefficient. and ¢ the time. Moreover. 


dN 
j T » » ( Tt real S Te) »/ it} T ee aS ( ON 4 
since the value of 7, 18: nume rically, small compared with the values of gp cos 7 


and ~.V". we have from ), very approximately, 


It is suggested that the quantity Ea should be used as an ion spheric index for 
y. 
the Hand F, layers, since it is found that approximately the same value is assigned 


to it at different stations at the same time. The values of this quantity, determined 


] 


from Slough ionospheric data, are shown in the accompanying table 


It will be seen from the above t: 4 it we consider x to remain constant 
over the sunspot evele, the ratios of ite that the intensities of the two 


ind FF, lavers increase by a factor of 


bands of ultra-violet light responsible for the 


over 2 from sunspot minimum to sunspot maxin 


3. THE ABSORPTIVE PROPERTIES OF THE JD LAYER 


Below the FH laver there is a stratum « onization which is termed the D layer. 


Unlike the cases of the othe lavers it 


1D) lave critical penetration frequency, s 


content has heen possible. We do. howe 
less than | Mes. so that the value of .V 
Nevertheless it is 


cubic centimetre. 


ot vet been possible to measure the 


» determination of its maximum electron 


know that its critical frequency must be 


ist be inferior to 1-2 10? electrons pe 


possible to gain information about D lavel 


phenomena although the methods employed ire less direct than the well known 


method of determining critical penetrati 


relatively new. their essential features 

he physically illuminating. 
Let ‘turn to equation (1 

two maxima, one of electron production 


density, JY. 


a quencies. Since these methods cule 


ve described here. They happen also te 


For conditions round noon we are concerned with 


cos 7). and the other of ionization 


Let the subscript qf refer to conditions of maximum electron production, 


and the subscript NV refer to conditions of maximum ionization density. The maxi 


mum of q is reached at noon, while the ma 


later. On differentiating (1) with respect 


Under conditions of g maximum 
/ 


XT of N IS reached a short time \/ 


time / we have 


Now from Taytor’s theorem, the value of 
maximum is given by 
dN wl 


7 = | 


1 25 At. ; et) 


where \f may be, for example, the delay of the VY maximum behind the q maximum. 


dN 


But. when .V is a maximum, we have ; equal to zero, so that, using (5) and (6), 
; 


dN 


Py, | 


dt? 


is easy to show that if we had assumed an electron disappearance rate propor 
il to A.V" the delay time would have been | (n/.V 
Equ ition (7) indicates then. that even if we cannot determine WV directly, we are 


able to estimate «V if Af, which expresses what we may call the sluggishness > of 


ionospheric response, is measurable. Now direct measurements of radio-frequency 


ibsorption due to the PD layer—a quantity proportional to .V—show that the 
maximum effect occurs after noon. Typical values for Af, at medium latitudes, 
obtained from both published and unpublished data. range from 20-40 minutes, 
ndicating values of ~N of from 4 LO-* to: 2 10-4 se ' respectively \Vore 


er, since we have, very approximately, 


we can estimate the value of zg as ranging numerically from 2 Sto 1-4 10) 


111 


again, we Cannot estimate x and qy separately. 
lt is possible to get a check on these values of ~V by another method in which the 
diurnal Variation of wy quantity which is proportional TO A ed absorption ) is 


used. Let Us SUpPpose that the quantity m question IS J where 


If we compare results at two times, before and after noon, at which g is the same, 


we have. from (1 


ma 
Yo aN 7 2c 


where The subscript | reters 


forenoon and the subscript ” refers to afternoon. 


Since f is equal to g,. we have 


Sirk Epwarp APPLETON 


If the curve of Q is fairly symmetrical round noon, (13) can be simplified. 
dN, aN, . ; 

and - will be roughly equal numerically 
( ( 


In the first place, the values of 
though their signs are, of course, oppesite. Also V, will be larger than NV, by only a 
small quantity A.V. Equation (13) can therefore be written, approximately, as 

dN 
dt 


AN 


xN 
and therefore as 
dQ 
dt 


4.N 
AQ 


Again, therefore, it appears that, although the value of V is unknown, we can 
determine «VV from the temporal variations of some quantity which is proportional 
to V*. The application of this method to diurnal curves of absorption yields values 
of aN of the same order as those mentioned above. 

Attempts to find the values of «N for the higher ionospheric layers, by way ot 
diurnal variation studies, have encountered difficulties, due to departures of these 
layers from normal behaviour. For the # layer at equatorial stations the diurnal! 
maximum of .V is found to occur before noon, suggesting negative values for «NV! 
APPLETON, Lyon, and TURNBULL have suggested that such abnormal behaviour 
is due to a vertical drift gradient arising from the S, magnetic current system. 
Solar eclipse studies of the # layer, however, suggest that the value of (x), at noon 
is about 12 10-4 see.—}, 
tion” than the D layer. 

During a sudden ionospheric disturbance (S.I.D.) the ionization density in the 


indicating that the # layer has a smaller ‘‘time of relaxa 


absorbing D layer is increased, according to APPLETON and PiaGorT (1949) six to 
nine times. This will have the effect of increasing the value of (a), by the same 
amount. We can therefore understand how it comes about that the maximum of 
radio-frequency absorption during a 8.1.D. is attained only a few minutes after the 
maximum of the flare radiation intensity, as shown by ELuLison (1950), who has 
found delay times of the order of 5-6 min in this connection. 


4. THE ANOMALOUS BEHAVIOUR OF THE F,, LAYER 
The F layer of the ionosphere consists of two partly overlapping strata which are 
designated the #, and F, layers. As we have seen, the behaviour of the (lower) F’, 
component is very similar to that of the # layer. We can therefore say that its 
ionization response to the varying value of cos 7 is normal. 
Events are quite different in the case of the F, layer, where the maximum electron 
density can, under certain circumstances, actually fall when cos 7 increases. The 


first example of such abnormal behaviour was described by APPLETON and NAISMITH 


(1935) when they showed that the F’, layer critical frequency fF’, was less at summer 
noon than at winter noon at Slough. In their description of this phenomenon, 
APPLETON and NAISMITH suggested that, in summer, “‘the total ionization is spread 
over a greater vertical thickness”. All subsequent work, both experimental and 

* A typical example of a quantity of this kind can be derived from routine (X’, f) recording, where fmin, the minimum 


recorded echo frequency, is measured, It can be shown that (fmin f;,)* is approximately proportional to the value of 
in the D layer, fy, being the longitudinal gyro frequency characteristic of the Earth’s vertical magnetic field 


7S4 Regularities and irregularities in the ionosphere 


theoretical has contirmed that this is the case. Under conditions of bifurcation, such 
as occur in summer at Slough, the F’, layer level of maximum ionization is increased, 
while the total thickness of the layer is increased. It will readily be seen that such 
changes must reduce the maximum electron density as determined by fF’. Valuable 
studies uf this aspect of F, layer phenomena have been published by RATCLIFFE 
1951). who has estimated the total ionization in the whole thickness of 
and found its seasonal variation with cos 7 normal 
The seasonal anomaly identified by APPLETON and NAISMITH is, however, only one 
aspect of the F, layer bifurcation problem. In 1946 APPLETON, using results from the 
world’s ionospheric stations, showed that, in day-time at any rate, fF’, is more nearly 
correlated with geomagnetic latitude than with geographical latitude. In 1950 this 


was supplemented by a study of the world morphology of F’, layer equivalent height 


at noon (APPLETON, 1950). The characteristic seasonal variation of this quantity 
was examined at all latitudes in both northern and southern hemispheres and it was 
shown that the region of change-over from the northern to the southern hemisphere 
type of variation is more nearly coincident with the magnetic equator than with the 
geographical equator. This majol effect of the seomagnetic control of both bifurca- 
tion and maximum ionization density has been termed by the writer the geomagnetic 
distortion anomaly for it is clear that the Earth’s magnetic field plays a dominant role 
in causing the F, layer to depart from simple formation of the Chapman type. One 
of the outstanding ionospheric needs to day is. therefore. the full elucidation of the 
nature of this anomaly and its explanation by an acceptable theory. 

The geomagnetic anomaly was discovered by realizing that values of fF, at 


equinox noon for the world as a whole did not correlate closely with geographical 


atitude, there being, for example, a remarkable “spread” of fF, values for all low 
numerically) values of geographical latitude: on the other hand. when the same 
values of fF, were plotted with magnetic or geomagnetic latitude, an immediate 


reduction of such “spread” was noticed. Moreover, in the case of the latter curve, an 


equatorial belt )f abnormally low values centred on the magnetic equatol Was 
recognizable. 

The F, layer geomagnetic anomaly is illustrated in Fig. 1, where noon values of 
fF, are plotted with geomagnetic latitude for March, 1951. To exhibit the diurnal 
variation of the geomagnetic anomaly, we must plot curves similar to Fig. | for all 


hours of the local day. In work of this kind, carried out recently at Edinburgh,” 
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another remarkable phenomenon has been disclosed. It has been found that whereas 
there is a mid-day “trough” in the noon curve of fF, plotted as a function of geo- 
magnetic latitude, such a ‘“‘trough’’ changes into a ‘‘crest’’ during the late evening 
hours. This is illustrated in Fig. 2, where the March, 1951, values of fF, at 2100 h 
(local time) for the world as a whole are plotted with geomagnetic latitude. Fig. 2 
is directly comparable with Fig. |, the data being derived from the measurements of 
the same ionospheric stations. 

In order to complete a selection of graphs illustrating events throughout the whole 


of an equinox day, there are exhibited, in Fig. 3, the values of fF’, at 0900 h local time 
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Fig. 2. Showing equinox values of fF’, for local time 2100 h, plotted as a 
I hemispheres (March, 1951 


function of geomagnetic latitude for bot! 


3. Showing equinox value for local time 0900 h, plotte: 
titude for both hemispheres (March, 


geomagnetic lat 


{ 


function of 


for March, 1951. It will be seen that, at that hour, there is neither an equatorial 
‘trough’ or ‘‘crest.’’ 

(It may not be superfluous to point out here that, while the curves of Figs. | to 3 
have been plotted in terms of geomagnetic latitude, it is not to be expected that the 
maximum ionization density, as indicated by fF,, is wholly determined by that 
quantity throughout the day. Night-time values of ionization density, for example, 
are bound to be related, to some extent, to geographical latitude because they depend 
on the time which has elapsed since sunset.) 

In order to give a complete description of the geomagnetic distortion anomaly, 
we require to find how far the F’, layer departs from a simple Chapman region at all 
times and in all parts of the world. This is a major task which now confronts the 


workers in this subject and will doubtless be discharged in due course. Meanwhile, 


it is possible to proceed some way by less direct means. First, it should be pointed 
out that undoubtedly one of the characteristic features of the geomagnetic anomaly 
is the bifurcation phenomenon of the elevation and broadening of the F’, layer during 


the day-time hours. Examples of this phenomenon are to be found, for example, at 
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Slough in local summer, and at Huancayo, which is situated very near the magnetic 
equator, at equinox noon (see Fig. |). In temperate latitudes there is also ample 
evidence that such bifurcation is most in evidence when the magnetic lines of terres- 
trial force are most nearly vertical. Presumably this is due to the fact that electrons 
travel more readily along the Earth’s magnetic field than athwart it. Such considera- 
tions have suggested an approximate method, due to APPLETON and PiaGorTrT (1953), 
of deriving information concerning the diurnal nature of the geomagnetic anomaly by 
comparing diurnal F, layer events of the same geographical latitude but of widely 
different geomagnetic latitude. 

In Fig. 4 is shown the diurnal trend of the ratio of the hourly values of the F, 
layer critical frequency for Ottawa (geographical latitude 45-4 N; geomagnetic 
latitude 56-8 N) and Wakkanai (geographical latitude 45-4 N; geomagnetic latitude 
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35:4 N). These are two stations which experience the same sola influence (¢.g. 
same times of sunrise and sunset) and vet have widely different geomagnetic latitudes. 
The curve relates to winter conditions in the northern hemisphere. It will be seen 
that the geomagnetic distortion anomaly, which we may expect to be more pro 
nounced at Ottawa than at Wakkanai, is characterized by a minimum of critical 
frequency in the forenoon and a maximum of the same quantity in the evening. 
Corresponding curves of the ratio O(/' F,) W(A'F,), where O and W stand for Ottawa 
and Wakkanai respectively, show that a forenoon maximum of relative equivalent 
height at Ottawa is to be associated with the minimum of relative fF, shown in 


Fig. 4. 

Although the world morphology of the geomagnetic distortion anomaly in the F, 
layer has not yet been worked out from the experimental data, we already have 
theories to account for it. The most promising of these is that due to Martyn 
(1947a, 1947b, 1948), who considers that the bifurcation of the F, layer is due to 
‘vertical ionic drift’> due to the influence of the Earth’s magnetic field. Martyn 
pictures the horizontal movements of the solar semi-diurnal oscillations of the 
atmosphere as giving rise to vertical ionic transport due to electro dynamic forces 


brought about by the presence of the Earth's magnetic field. If there is a vertical 
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gradient in the rate of such ionic transport, the layer will become distorted in vertical 
depth. The basic equation (1) then becomes 
dN 
dt 


Yo COS 7 x .N* ; cut hoe 


where v is the vertical drift and z, the height. is measured as positive in an upward 
direction. If, additionally, there is horizontal drift, we must write (16) even more 
generally as 

dN OLNv,) 


( COS 4 4 .\ : 
dt ee On 


When further information is available concerning the true nature of the geomagnetic 
distortion anomaly, it should be possible to find the relative magnitudes of the terms 


‘a o(.Vv) , 
(7), (— «N?), and which play comparable roles as regards rates of 


Cw 


electron production or disappearance 


5. STORMS IN THE [ONOSPHERE 


Shortly after the main characteristics of the diurnal and seasonal changes in the 
ionosphere had been identified, it was discovered that marked departures from 
normality accompanied magnetic storms. APPLETON and INGRAM (1935), for example, 
found that, for Slough at noon, intense magnetic storms were often accompanied by 
a reduction of the F, layer critical frequency, fF, and an enhancement of the 
equivalent height, /’F,. During the Polar Year, 1932-3, APPLETON, NAISMITH, and 
INGRAM (1936), found that, at Tromse (latitude 70° N), the correlation between noon 
fF, and magnetic storminess was subject to a seasonal control, in that it was negative 
in local summer and slightly positive in local winter. Further statistical studies of 
the same relation between fF, and magnetic character were made by BERKNER and 
SEATON (1940), using ionospheric data from Huancayo (latitude 12° 8S) and Watheroo 
(latitude 30° S). At Huancayo, which is situated practically on the magnetic equator, 
the noon value of fF, was found to increase steadily with increase of magnetic 
activity, whatever the season. At Watheroo, on the other hand, there were found to 
be different results in summer and winter. In summer the value of fF, fell steadily 
as the magnetic storminess increased. In winter, on the other hand, the average 
value of fF, first increased with increase of magnetic activity but tended to decrease 
during periods of marked disturbance. 

In recent work on this subject of ionospheric storms more attention has been paid 
to the diurnal variation of the fF, and h’F, variations. Thanks to the general 
availability of hourly values of fF’, and h’ F, from the world’s ionospheric stations it 
has been possible to identify more closely the abnormal ionospheric manifestations 
associated with magnetic disturbances. 

In the first place, APPLETON and PiaGorr (1950) have found that there is often an 


ionospheric accompaniment to the onset of a magnetic storm when that onset takes 


the form of a “sudden commencement”. On such occasions they have noted a rapid 
depression of fF, followed by a short period when fF, is above its normal value. Such 
characteristic perturbations have been detected in ionospheric records from temperate 


and higher latitude stations under day-time conditions. 
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To illustrate the further sequence of ionospheric effects during the subsequent 
course of a magnetic storm, various authors have used different methods of displaying 
the data. APPLETON and PiaGortT (1952) have. for example, based their studies on 
plots of the hourly values of the ratio ( [F. fF.) VW here / Fy represents the storm value 
it any hour and fF, represents the monthly median or mean for that particular hour. 

MARTYN (1953), on the other hand, has used, in similar work, the difference of the 
‘ritical frequency on the storm day from its monthly average value at the particular 


hour in question. We may write such a quantity [(/F,) ({F.)]. 
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In exhibiting the diurnal variation of storm manifestation, APPLETON and PIGGOTT 
have found the ratios of hourly values of fF, on magnetically disturbed days (D days) 
and on magnetically quiet days (Q days). In Fig. 5 are shown diurnal curves of this 
ratio (i.e. D( fF.) Q(fF,)) for the various seasons at Washington, for the years 1945 
and 1949. Although the curves for the various seasons are very similar it will be 
noticed that, in winter, a magnetic storm is accompanied by an increase in critical 
frequency (i.e. D( fF.) Q( fF» 1) in the local evening and very early morning. 


Apart from this period the general characteristic of the ionospheric storm oscillation 


is a depression of the value of fF, below normal. Curves of the quantity D( fF) 
Q(fF.,)| drawn, for temperate latitude stations, by MARTYN show very similar 
properties, 
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It is quite clear that characteristic ionospheric diurnal perturbations take place at 
regions on the Earth’s surface which are not subject to the corpuscular bombardment 
which is considered to be the origin of auroral displays in high latitudes. As we have 
seen, BERKNER and SEATON were able to detect the ionospheric storm effect at a site 
near the equator, though here the usual accompaniment of a magnetic storm is a 
marked positive fF’, phase (i.e. (/F', fF.) |) which is specially marked just before 
sunrise. Diurnal curves of D( fF.) Q( fF) for Huancayo exhibit this effect clearly. 

Finally it may be added that, in a recent paper, APPLETON and PiaGorT (1953) 
have drawn attention to the similarity between the diurnal trend of an ionospheric 
storm and of the geomagnetic anomaly in the same layer. In Fig. 6 is exhibited one 
of their curves showing the diurnal trend of D(fF'.,)/Q(fF.) for Wakkanai in winter. 
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howing the diurnal course o f fF) at Wakkanai (local winter 


This curve is to be compared with Fig. 4, where the ratios of the fF, values at 
Ottawa and Wakkanai, which characterize the geomagnetic distortion anomaly, are 
illustrated. A similarity between the two curves is evident. It thus appears that, for 
this particular range of latitude, a magnetic storm is accompanied by an ionospheric 
storm diurnal oscillation which exaggerates the distortion anomaly already present. 


6. UNSOLVED PROBLEMS OF THE [LONOSPHERE 


Although, as has been shown, a great body of experimental information is now 
available in the form of geophysical time-series of ionospheric data, there still remain 
a number of unsolved problems concerning their theoretical interpretation. We are 
still not quite sure about the atomic processes by which free electrons disappear at 
high levels. It is not clear, for example, how far free electrons are removed by way of 
recombination with positive ions and by way of attachment to neutral molecules, 
especially in the lower strata of the ionosphere. Even in the case of the fF, and F, 


layers, where recombination is the major process, no generally accepted values for the 


magnitude of the recombination coefficient are available. It can, however, be said 
that the value of recombination coefficient found for these two layers, which ranges 
from 10~-% to 10-19 em? per sec., is definitely higher than that predicted by quantum 
theory for the radiative recombination process which is of the order of 10~' em* per 
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sec. In the case of the # layer the recombination coefficient is even higher, ¢.g. 


10-5 em? per sec., and so is in more flagrant disagreement with the quantum theory 


value. It is, however, likely that a reconciliation of experiment and theory may be 
brought about by invoking the possibility of dissociative recombination, as was first 
done by Bares and Massey (1947). Here we picture processes of the type indicated by 
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a positive molecular ion combining with an electron to form two excited atoms. 
Laboratory experimental work carried out recently confirms that recombination 
coefficients of the order of 10-5 cm® per sec. can be explained in this way. 

As has |.-en indicated above, another major ionospheric problem is the identifica 
tion and explanation of the main features of the geomagnetic distortion anomaly at 
ill sites, and at all seasons, under both magnetically quiet and disturbed conditions. 


The Microscopic Mechanism for the Absorption of Radio Waves 
in the Ionosphere 


> mot wo 
J. A. RATCLIFFE 
Cavendish Laboratory, Cambridge 
SUMMARY 


The paper deals with the absorption which occurs when a radio wave passes through a medium containing 
free electrons which make collisions with heavy particles [It is shown that the absorption can be accounted 
for in terms of the impulses which the electrons radiate at each collision under the influence of the 
imposed wave. Although these impulses are randomly timed they correspond to a coherent wave of the 
required amplitude and phase. 


LY, INTRODI CTION 


THE purpose of this note is to discuss in detail why the amplitude of a plane radio 


wave decreases as it travels through a medium which contains electrons capable of 


making collisions with heavy particles. The medium might be the terrestrial or the 


solar ionosphere. No account is taken of any superimposed magnetic field 
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1. Oscillatory motion of electron (a) without collisions, (6) with collisions 


It is well known that if there are no collisions the altered velocity of a wave through 
the medium can be accounted for in terms of the secondary waves which are scattered 
from the electrons as they oscillate under the influence of the main wave. If now the 
motions of the oscillating electrons are interrupted at random times by collisions it 
is known that the wave suffers absorption, and our problem is to find just why the 
amplitude of the wave then decreases as it travels. 

At first sight it seems that the collisions have little effect on the motions of the 
electrons. If the oscillatory component of motion given to an electron by the wave 
is represented by the curve of Fig. 1 (a) when there are no collisions, then it will be 
represented by Fig. 1 (b) if collisions of duration 7 occur at the random times f), fy. 
t,,. ..¢,. The oscillatory part of the motion has the same magnitude, and phase, 
as before. The only effect of the collisions is to interrupt the smooth motion for times 
which are negligible compared with the time-period of the oscillation. (The proof of 
these statements is in Section 4.) The secondary wave reradiated from the oscillatory 
part of the motion is unaltered and is therefore still responsible for a change only of 
the velocity of the wave, and it cannot account for the absorption which is known 
to occur. 

It will be shown that the extra component of the secondary wave which is required 
to explain the absorption arises from the transient pulses of radiation produced at 
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the collisions. At each collision the uniform translational velocity of the electron 


is altered suddenly, and a small pulse of radiation is emitted. In the absence of a 
wave these pulses constitute a “white” spectrum of radiation whose energy is in 
statistical equilibrium with the thermal energies of the particles. When a wave is 
present, and an electron has a motion represented by Fig. | (4), it will be shown that 
the transient pulses occurring at the collisions are modified. Moreover, this modifica- 
tion represents the addition of a radiation with a single frequency and a definite phase 
ind amplitude, although the collisions occur at random times. It is this coherent com 
ponent of the radiation which is responsible for the decrease in the amplitude ot 


the wave. 


2, SECONDARY WAVES IN THE ABSENCE OF COLLISIONS 


First. let us consider what happens when there are no collisions. The essentials of 
the problem can be seen from consideration of the following simplified case repre 


sented in Fig. 2. Suppose a plane polarized wave which has an electric field in the 
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r-direction given by* E, = 6, exp {i(pt kz)! is incident along the OZ direction on 
to a thin slab of the medium of thickness Az situated in the plane z 0. Each 


electron is set into oscillation and radiates a wave of angulal Trequency p- Ata point 
P, distant d from the slab, all these reradiated waves combine to produce an oscilla 
tory tield E, or exp i( pl kz)'. If this reradiated field is added to the field E, 


E 


which the original wave would produce at P, there results a new field # which repre- 


sents the field of the total wave after traversing the slab. If u represents the refrac- 


tive index of the slab the total field # will lead the field #y by a phase-angle d, where 
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For free electrons it is known that u |, so that ¢ is positive, and the fields at the 
point P can be represented by the rotating vectors of Fig. 3. It is clear from this 
diagram that, if w is not much different from unity, so that ¢ is small, 


E, id E, 


iA(1 u)AzEo, 
where the factor ¢ represents the phase difference between /, and £4. 
For the purpose of the present discussion it is not necessary to calculate the 
magnitude of #,, but if it were known the value of uw could be deduced. For the sake 
of completeness this calculation is given in the Appendix. 


3. THE SECONDARY WAVE REQUIRED TO EXPLAIN ABSORPTION 
If, now, the electrons in the thin slab of the previous section are supposed to make 
v collisions per second with heavy particles, it is well known that the wave will be 


absorbed with an absorption coefficient « given by (APPLETON 1936) 
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In traversing the slab of thickness Az the amplitude of the wave is thus reduced by 


an amount 
exp (— xz)! 
= Eo KAz 
when «Az is small. 

In order to produce this decrease in the amplitude of the disturbance at the point P 
there must, under these conditions, be an extra component of the wave scattered 
from the slab; it must have amplitude 6, and must be opposite in phase to the main 
wave E,. The fields at P can now be represented by the rotating vectors of Fig. 3 (5). 


Here /, represents the field of the original wave, /, represents the component of the 


4 


scattered wave which is responsible for the refractive index of the slab, and which 


has already been discussed, and /#, represents an additional scattered field which 


must be present if the necessary absorption is to be explained. 
It is convenient to compare /£, with F#, as follows. From equations (4) and (5) 


Os KAz. Go 


(v/c)(1 u)Az. Gq 


and from equation (2) 


h(1 u)Az.&o 


Hence (vy pyé, (8) 
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In the next section it will be shown how the occurrence of collisions can produce 
an additional reradiated field of the magnitude given by equation (9). 
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4. THe Wave RERADIATED FROM AN ELECTRON WHICH MAKES COLLISIONS 
If no wave were present the electrons would move, between collisions, in random 
directions in straight lines and with thermal velocities. When a wave is present an 
electron acquires extra ordered velocities which can be calculated without regard 
to the fact that thermal velocities are also present. 

If x and v, represent the additional x-displacement and velocity of an electron 
caused by the presence of a field &% cos pf, then 


mx eé COs pt 14 3 
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and v, r 
Just after a collision the additional velocity v, must be zero, just as it would be if the 
electron started from rest. If, therefore, the collision occurred at a time ¢, the integra- 
tion constant ( in equation (11) is such that 


rh (eé mp)(sin pt sin pt,)- ery (ye) 


After collision, therefore, the velocity contains the following components : 
(a) A uniform velocity which would be present even in the absence of a wave. 
(6) A new uniform velocity of magnitude 


Ov -(e€& 4 mp) sin pt, . ye ata 


which has been created during the collision. 
c) An oscillatory velocity of magnitude 
vy \é 4 


mp) sin pl. 


0 
The oscillatory velocity v,’ would be just the same if there were no collisions, and 
it corresponds to a component of reradiation which is unaftected by the collisions, 
This is the component which is responsible for the change of velocity of the wave: 
it is represented graphically in Fig. 1| (4). 
The creation of the velocity dv, implies an acceleration which, at a distance r in 
the Z-direction, produces an impulsive field of magnitude 


AG (¢ egc*r)[dv dt}, owe ot ba) 


where the square brackets denote the retarded value at the distance ry. For the time 
being this retardation will be omitted, and the field will be described as though it 
had traversed the distance r instantaneously. It will be convenient to denote the 


. 


magnitude of the integral | dé . dt for the impulsive field produced at the time / 


star 


by the symbol /,. Then, from equations (13) and (14), 
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A series of impulsive field 66, occurring at random times, and each having a value of 
/, given by equation (15) therefore comprises the total field #”(ft) resulting from the 
collisions. The nature of this field is represented in Fig. 4. 

In order to make a Fourier analysis of the random function /”(t) let us assume 
that it repeats itself after a very long time 7’, so that it can be represented as a 
Fourier series in the following way. 


k(t) Sa, cos (27nt/T) Sb, sin (2ant/ 7’), + +0 
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For the special type of field here considered equation (17) leads to 


sin (27nt, T’) O6 (t) dt’ 
J, , 
(2/7')> (1, sin (27nt,/T)} 
qd 
and a corresponding expression for «,. 
Here the integral in equation (17) is split up into a sum of the integrals over each of 
the separate impulses, and the assumption is made that the time periods concerned 


(7'/n) are long compared with the duration 7 of the impulses, so that the term 


Fig. 4. The impulsive field £”(t) reradiated from an electron 
sin (27nt 7’) may be given the constant value sin (27nf, 7’) for the impulse occurring 


at time ¢, and may be taken outside the integral. Substitution from equation (15) 


into equation (19) now yields 


bh (2/T)(e? egc?mpr)E > {sin (27nt,/7') . sin pt,}. == wie tau) 
q 

The summation represents the sum of discrete values of the function 
sin (27nt/7') sin pt taken at the instants ¢, when the collisions occur. Since these 
occur randomly its value approximates to the average value of sin (27nt/7') sin pt 
multiplied by the number (7’) of collisions occurring in the time 7’. The average 
value of sin (27nt/7’) sin pt is zero except when* 27n/7' = p and then it is equal to 3, 
and the -term becomes 477’. Insertion of these values into equation (20) shows that 
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when (27n/T’) p 
and 6, = 0 for all other values of 7. 


A corresponding calculation shows that a, 
value of cos (27nt/7') . sin pt is always zero. The expression (16) for £”(t) can now be 


is always zero, because the average 


written down, but it is more convenient to introduce at once the retardation men 
tioned just after equation (14) and write, by combining equations (16) and (21), 

k(t ric) (e269 egemr)(v p) sin (pt kr). «ea Be) 

It thus appears that, so far as the range of frequencies < 1/7 is concerned, the field 

represented in Fig. 4 corresponds to a single frequency with a definite amplitude and 

phase, in spite of the fact that the impulses occur at random times. This is indeed 


if 


* 7 can be chosen so that this relation is satisfied for an integral value of x 


obvious if it is remembered that the Fourier analysis of the wave-form is performed 
by multiplying it by a sinusoidal curve and integrating the result. Only for a curve 
with the same periodicity as the dotted one will there be a finite result. The single 
frequency has arisen because the magnitudes of the impulses are related sinusoidally 
to the times of their occurrence. 

It is now necessary to calculate the magnitude of the field #’ radiated by the 


oscillatory component ot the electron’s oscillation It is given by 


er ey 
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magnitude of # 
p 
magnitude ot £ 


phase of # phase of # 


ire complex quantities representing the field, then 
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VIOUS conside1 itTions we were concerned with t| 


ie fields EK, and #,, 


ie whole Ol the slab TO the point P see Figs 2 and >). and arising, 


respectively, from the oscillatory components, and the randomly-timed impulsive 


components, of the electrons’ motions. The fields F, ire derived by adding 


the individual electrons as indicated in the \ppendix, but it is 
f this summation because we have now shown 
omplex fields #’ and £” arising from the oscillatory and the impulsive 
components of motion of each electron separately are in the same ratio for all the 
ectrons. Hence the total fields, arising in any way from the summation of these 
individual fields. are also in the same ratio. Thus 
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But this is just the relation (9) required if £ 


» 18 tO De responsible for the absorption 
of the wave. 


It has thus been shown that the randomly-timed impulses radiated as shown in 
Fj 


that radiation which is required to reduce the amplitude of the wave by the right 


g. 4 at the start of the mean-free-paths in the presence of a wave constitute Just 


amount. These radiated impulses are associated with the production of the extra 
uniform velocity at the start of each free path. It might be thought that the impulses 
of radiation associated with the removal of these extra velocities at the end of each 
free path should also be taken into account. But there is no relation between the 
magnitude of the velocity ind the time of its destruction. as there is between its 
magnitude and the time of its creation The changes ot velo Ity at the ends of the 
tree paths therefore produce quite random fields like those associated with the gas 


kinetic velocities. The extra (white) noise-like radiation, produced by the destruc 


tion of the extra velocity components at the ends of the free paths, corresponds to 
the heating of the electrons by the wave. and represents the extra radiation required 


to keep the statistical balance between kinetic energy and radiation energy. 
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5, APPENDIX 


The purpose of this appendix is to show how, when there are no collisions, the 


secondary wave scattered by the electrons in a thin slab of the medium is just suffi 
cient to account for the refractive index of the medium. The calculation is well 
known (Woop 1934), it is only added here for the sake of completeness. For 
simplicity the assumption is made that the refractive index does not depart much 


from unity, so that 47Ne? egmp?< (about) 0-2. 

Consider, as in Fig. 5, a wave, with its electric field in the x-direction and given by 
K = 6, exp {i(pt — kz)}, incident on a slab of the medium of thickness Az, situated 
in the plane z = 0. The equation of motion of an electron in the slab is 


max eéy exp (vpt). 


The addition o 


This electron radiates to the point P, at a distance d along the Z-axis a secondary 
wave which produces a field 
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It is assumed that the angle 4 in Fig. 5 is small. 

To calculate the resultant wave radiated by the whole slab to the point P we now 
use an argument of the kind common in the theory of physical optics. The slab is 
tirst divided into elementary annular zones, as shown in Fig. 5, by finding its inte1 
section with spheres of radii r equal tod e, d 2e,d 3e, etc., drawn with P as 
centre. If ¢ is small the whole of any one annulus is at nearly the same distance 
from P, so that the reradiated waves from it add in phase to give an elementary 
wave contribution proportional to the area of the zone and to 1/r. Simple calculation 
shows that the areas of the zones are all equal and it follows that the elementary 
wave contributions are also approximately equal, but fall off slowly towards the 
outside because of the factor l/r. The phase delays of the contributions from 
successive zones are proportional to the distances (d ne), and hence increase 
uniformly from zone to zone. An amplitude-phase diagram (Fig. 6) is now con- 
structed to show how the vector contributions from the successive zones combine 
together. Because of the way in which the phases and amplitudes change from zone 
to zone the diagram takes the form of a close spiral. 

The resultant wave radiated to P has amplitude represented by OS. The part of 
the diagram represented by O7'V represents radiation from those elementary zones 


lhe microscopic mechanism for the absorption of radio waves in the ionosphere 


between the centre (Fig. 5) and that for which ne 4.2. Simple geometry shows that 
the area A of this part of the slab is given by 
A = nid. ae 


If all the electrons in this area radiated waves to P in phase their contributions would 
be represented by the leneth of the arc O7'V in Fig. 4. But 


are OT'V 7. OS, 
hence 
(the amplitude of the field which would the amplitude of 
be radiated to P by all the rane, bees field radiated 


: 7 Pe (5, 
| in the area A if all had the phase of a es P by the w — is 


\wave from the centre element. slab. 


A combination of equations (27) and (28) show that the left-hand side of equation (29) 
is equal to 
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Thus if 4, represents the amplitude of the field radiated to P by the whole slab 
1 Tey ; 
equation 29) gives 
Gy (Ne 2A egmc*) Az “ Go: aa eee 


Now the resultant scattered wave at P, represented in Fig. 6 by OS, is retarded by a 


phase angle of 7 2 compared with the wave which would be scattered to P by all the 
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electrons radiating in phase (represented by OR). Insertion of this phase delay into 
equation (30). together with the relation c ps Da p ik leads to the expression 
E, ih(2a7Ne?/egmp”)Az . Kp. 
Substitution of this expression for £, into equation (2) then shows that 
| ‘/ 27Ne? eg p*, 
which 2grees with the well-known result 
u 47r Ne? egmp* 
when 1 
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Solar Flares 
M. A. ELLISON 


{oyal Observatory, Edinburgh 


NEARLY twenty-five years have passed since Hain| 1] directed attention to the solar 
fare as a characteristic type of activity with an important bearing upon solar and 
terrestrial relations. Since then two exceptionally high peaks of the sunspot cycle 
have occurred, providing abundant opportunities for the quantitative study of flares 
and of the remarkable train of events to which they give rise. 

Notwithstanding the observational difficulties, important progress has_ been 
achieved mainly along the following lines: 

(a) The investigation of the general properties of flares, including classification, 
location, association with other chromospheric phenomena, and the accumulation 
of development curves for intensity/time and line-width time in light of Hz. 

(6) The exploration of the line spectrum and continuous spectrum within the 
accessible region. 

(c) The recognition of the association with flares of simultaneous sudden distur- 
bances in the ionosphere—observable in the form of geomagnetic crochets, short-wave 
radio fade-outs, and long-wave enhancements—and the detailed comparison of these 
effects with the development curves of the flares themselves. 

(d) The study of the particle emissions from flares which can be observed in Hx 
light, e.g. active prominences of surge type. 

(e) The study of particle emissions which are inferred from the observed asym- 
metry of the flare Hx line, from the geomagnetic storm relationships which follow 
upon the occurrence of intense flares near the Sun’s central meridian, and from cosmic 
ray measurements. 

(f) The discovery and properties of radio noise ‘‘outbursts”’ associated with flares. 

(yg) Theoretical studies of these effects, many of which point to electro-magnetic 
phenomena of a new type occurring in solar and stellar atmospheres. 

Let us consider briefly each of these developments in turn. 


1. GENERAL PROPERTIES 

Flares invariably occur in the active chromospheric regions called plages faculaires, 
which are associated with sunspots: they are most frequent near the “centre of 
gravity of the group and are rarely seen at distances greater than 10° km from this 
point. Statistically, the frequency of occurrence varies markedly with the magnetic 
type of the sunspot, increasing as we progress from the simple unipolar («-type) spot 
through the bi-polar types (f and fy) to the magnetically complex y-type. There is 
also evidence that it depends upon the maximum field strength in the group [2]. 

Flares are classified on a scale of increasing importance 1, 2, 3; an additional 
class (3+), introduced by Newton, has gained acceptance to denote flares of excep- 
tional importance which also have notable terrestrial effects. The estimate of 


importance is based primarily upon the area of the enhanced emission in Ha, though 
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the maximum brightness is also given weight at some observatories where this can 
he meas red, A more objective scale is much to be desired. and it is hoped that this 


ll be established from an analysis of existing material, and with the concurrence 


Wi 

1.A.U., before the next maximum period of solar activity is reached in 
1957-8 

The mean durations extend from about 20™ in Class | flares to 30™ in Class 2 


ind 60™ jn Class 3. For the very great flares of Class 3 the lifetime is of the order 


Oo — oe of — 


——— 


of 35. The area of the emission patches and filaments covers a range from about 


50 millionths of the Sun's hemisphere to 2500 millionths Sa\ 3000 million square 
miles 

Curves showing the variations of central intensity and line-width of Hx with time 
form the most valuable material for the study of flare development and of its relation 
to the resulting sudden ionospheric disturbances. In Fig. |, for example, is plotted 
the line-width of Hz for an outstanding flare of importance 3— on 19th November. 
1949. Examination of many such curves shows that the most essential characteristic 


is the flash of radiation which occurs usually within the first 5-10 min from the time of 


visible onset of the flare. While there is much diversity in the shapes of the develop 


ment curves for lesser flares [3], the time and intensity of this sudden flash of radia 
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tion appear to be the crucial factors in connection with the ultra-violet light and 
radio noise effects. 

Owing to the rarity of great flares, they are seen more often in plan view against 
the disk than in elevation at the Sun’s limb. Consequently, much more is known about 
their horizontal distribution in relation to sunspots than about their height and 
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Fig. 2. Development curve of a great flare compared with radio noise burst and cosmic ray intensity 
(19th November, 1949 


The radio emission was recorded on 4:1 m by J. S. Hey (data from Report No. 372, Radar 
Research and Development Establishment, Malver» The cosmic ray increase is drawn 
from the data of S. E. Forsusu, B. StTiINCHCOMB and M. SCHEIN (Phys. Rev., 79, 501, 1950 


vertical development in the chromosphere. In this respect photographic studies of 
limb flares, such as those recently made by Dopson and McMatuH {4}, are of particular 


value. 

2. FLARE SPECTRA 
When a flare is observed against the background of the solar disk its spectrum is 
superimposed upon the Fraunhofer spectrum of a lower level. The main features 
then are bright reversals in the absorption lines of the Balmer series of hydrogen, in 
the H and K lines of ionized calcium and in lines of a few other metals. Lines of 
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neutral helium, absent in the Fraunhofer spectrum, are seen in emission and 
absorption. 

Undoubtedly, the most significant feature is the immense broadening of the 
hydrogen emission lines which takes place catastrophically at the time of the flare 
flash. Values of over 20 A for Hx have been recorded at such times (see, for example, 
Fig. 4). These great line-widths have been ascribed to three possible causes: (a) 
thermal Doppler broadening due to high kinetic temperature; (>) Zeeman effect due 
to transient magnetic fields in a discharge: or (c) Stark effect caused by the action 
of interatomic electric fields. Of these, we may at once rule out the first, since the 
Hare spectrum is essentially one of low temperature lines: the line broadening, 
interpreted as the effect of thermal motions of atoms, would require a temperature of 
the order 10° degrees. The emission lines of the metals (Ca, Fe, etc.) do not show this 
broadening, which is strong evidence against the operation of the Zeeman effect, as 
advocated by Bruce. The Stark effect, proposed by ELLISON and HoyYLe, gives the 
right order of magnitude for the spectral broadening and is at least consistent with 
the Balmer decrement, recorded by MusTEL and SEVERNY [5], in a bright flare. 

All this points to the flare mechanism as being initiated by directed streams of 
electrons in the solar atmosphere. The electron beams must be accelerated in electric 
fields near sunspots, gaining sufficient energy from these fields to excite and to 
ionize the atoms—hydrogen, calcium, ete.—with which they collide. The acceleration 
may take place in accordance with GIOVANELLI'S mechanism, or through the opera 
tion of some hitherto unrecognized principle. Whatever the process, the main 
features to be explained are the sudden flash and the means by which it is triggered 
off. The resulting electron density in the flare emission region will probably be 
sufficient to produce the short-lived Stark broadening in the hydrogen lines. 

Other interesting features of the spectrum are: (1) the asymmetry found in the Hz 
emission line wings, to be referred to later: (2) the Doppler displaced Hz lines of the 
flare surges, i.e. high velocity prominences ejected by flares; and (3) the bright 
continuous spectrum which has been photographed and measured in favourable 
cases. The latter gives rise to the momentary appearance of some flares in white light. 


3. IONOSPHERIC EFFECTS 


Sudden ionospheric disturbances (S.I.Ds.) associated with flares are of three main 


types. The first, in order of discovery, are the crochets. These are displacements of 


smal! amplitude occurring in the continuous records of the three elements, H, D, and 
V of the Earth’s magnetic field. They are characterized by a sudden onset and rapid 
rise to maximum amplitude, followed by a more gradual return to normal, having a 
total duration of about 30 min. CARRINGTON and Hopason independently observed 
the first solar flare in white light on Ist September, 1859; simultaneously a crochet 
was recorded on the Greenwich magnetic traces. The nature of neither phenomenon 
was understood at the time, but in retrospect this dual event can be seen to have 
opened an interesting chapter in the study of solar-terrestrial relations. 

Crochets are confined to the illuminated hemisphere of the Earth and their sudden 
initial impulse is closely synchronous with the flash of the flare (see Fig. 1). They 
are believed to arise from an increase in ionization, and therefore in conductivity, at 
the same ionospheric level where the normal daily variation (Sq) currents flow. 
McNtsu has been able to show that the crochet currents are in the same sense, and 
are comparable in magnitude to, those which are inferred to account for the daily 
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variation departure occurring at the time of the flare. These facts point to ultra- 
violet light, or possibly soft X-rays, as the most probable cause of the extra-ionization. 

Only the most intense flares of importance 3 and 3+ give rise to crochets. This 
suggests that there exists a limiting intensity of ultra-violet radiation which must be 
surpassed before the ionization can reach the level concerned. 


Short-wave radio fade-outs (S.W.F.) are most noticeable in the frequency range 


5-20 Me's and over long-distance (> 1000 km) channels of communication through 
the sunlit hemisphere. These waves normally travel by reflections from the highest, 
or F-layer, but at the time of a flare they are strongly absorbed when they meet the 
extra-ionization in the D-layer. Such sudden fade-outs were discovered by MOGEL 
(1930) and were later associated with flares by DELLINGER (1935). Their duration is 
usually about half an hour. 
At times of fade-outs abrupt increases of signal strength occur on very long radio 
waves which arrive by reflections from the base of the D-layer at a height of 
FLARE TIME 
BEGINS OF 


SPA FLARE 
S.E.A MAX 


| | + 5 MINS 


ete T 
-1O MINS | | 
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3. Times of commencement of S.1.Ds. (left) and times of maximum (right), relative 
to the time of flare maximum. C.C., magnetic crochets; S.W.F., short-wave radio 
fade-outs; S.E.A., sudden enhancements of atmospherics; S.P.A., sudden phase anomalies 


70-80 km. Such effects were first observed by Bureau (1936), as sudden enhancements 
of atmospherics (S.E.A.) emanating from distant thunderstorms, when the radio 
receiver was tuned to a frequency of about 27 kes. The effect is evidently one of 
improved reflectivity from the base of the D-layer during the period of extra-ioniza 
tion. The S.E.A. method, because of its simplicity and high sensitivity, provides a 
valuable means for timing and recording flares during cloudy weather when visual 
observations are impossible. Comparisons made at Edinburgh, extending over four 
years, indicate that all flares of importance Class 2 and over produce S.E.A.s, but 
with Class 1 flares the association is reduced to about 50 per cent. 

Lastly, when the sky-wave and the ground-wave are received from a nearby long 
wave transmitter there is normally a phase difference between the two waves which 
have travelled over different paths. During a flare the reflecting ceiling falls, and 
there occurs a relative shift of phase. These interference effects, known as sudden 
phase anomalies (S.P.A.), were detected by BUDDEN and RATCLIFFE (1936); and they 
have been very fully investigated by BRACEWELL and STRAKER, of the Cavendish 
Laboratory, Cambridge, who recorded them at a distance of 90 km from the Rugby 
16 ke's transmitter. Given a long-wave transmitter in continuous operation, the 
S.P.A. provides a direct measure of the lowering in height of the reflections during the 
period of extra-ionization in D, and it forms the most sensitive method of detecting this. 

The times of beginning and maximum of these ionospheric disturbances have been 
compared [6] with the development curves of thirteen flares observed at Edinburgh, 
such as that shown in Fig. 1. These comparisons give the average times of onset and 
maximum for each type of S.I.D. relative to those of the flare (see Fig. 3). 
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t. PARTICLE EMISSIONS 
The expulsion of hydrogen from the majority of bright flares can be observed near 
their times of maximum intensity. These emissions occur in specific directions. 
usually along nearly vertical trajectories. Whether seen in elevation at the limb, or 
by light of the Doppler displaced Hx line against the disk [7], they exhibit all the 
characteristics of the well-known surge prominences. Their initial outward velocities 


are in the region of 500 km per sec. Though their brightness in Hx ranges from 


two to five times that of normal quiescent prominences, they are much less bright 
than the stationary flare emission which is located at a lower level. A large part, at 
least, of this visibly ejected material returns to the chromosphere. 

NEWTON (1943) made statistical studies of the occurrences of geomagnetic storms 
followin: intense flares. His results strongly suggest the expulsion of a cone-shaped 
beam of particles, having its origin at the time and place of the flare, the mean interval 
of 26 hr between the two phenomena being interpreted as the travel time of the 
stream from Sun to Earth. Following CHAPMAN’S suggestion (1929), several attempts 
have been made to detect these corpuscular streams on their journey to Earth by 
the observation of Doppler displaced absorption lines in the Fraunhofer spectrum. 
Positive results reported (in the region of the H and K lines of Ca) by RICHARDSON 
(1944) and by Brick and RuTLuaNnt (1946) must still be regarded as inconclusive, 
since the absorptions measured were of the same order (1 per cent) as the errors 
inherent in the method of photographic photometry which was used. 

The obvious time to search for such effects is at, or shortly after, the occurrence 
of the flare: the absorption produced by the stream should then be much more 
intense than later on when it is nearing the Earth. An asymmetry in the wings of the 
emission H~ line of flares was reported by WALDMEIER (1941): this was discovered 
independently by the W riter ( 1943). W ho ascribed it to absorption by hydrogen atoms 
in the second quantum level which are being expelled in all directions from the 
Hare. This asymmetry has been subsequently confirmed by abundant material 
collected with the spectrohelioscopes at Edinburgh and at Ondfejov [8]. The spectro- 
photometric profiles of Fig. 4 show quite clearly that the asymmetry arises from the 
presence of a broad absorption band many Angstroms wide, which, in the greatest 
flares, can lower the intensity of the violet emission wing by some 10-15 per cent. 
In the later stages of the flare the absorption can no longer be observed, possibly 
because the hydrogen cloud has by then greatly expanded and has also been acceler 
ated to such a velocity that its absorption line is no longer superimposed upon the 
emission. While these asymmetric profiles provide the strongest possible evidence for 
the general expulsion of hydrogen during flares, we must await further work in order 
to prove that this constitutes the initial departure of the geomagnetic storm particles. 

During the past decade sudden increases of cosmic ray intensity have occurred at 
the times of four intense flares. These were the flares of 28th February, 1942, 
7th March, 1942, 25th July, 1946, and 19th November, 1949. Numbers 1, 3, and 4 
were recorded quantitatively by the writer, the spectra of Nos. 3 and 4 were photo 
graphed, and the evidence for No. 2 is based upon its characteristic ionospheric 
effects. From their measured areas, central intensities and line-widths, we can say 
that at least three of these were among the greatest flares recorded in recent times. 
In Fig. 2 *+he cosmic ray increase of 180 per cent above normal at Climax (3500 m), 
as recorded by ForBuSH, STINCHCOMB, and SCHEIN [9], is plotted for comparison 
with the Hz line-width curve of the flare. At Cheltenham (72 m) the increase was 
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43 per cent: and the earlier flares gave comparable, though somewhat smaller, 
increases. 

It is generally recognized that these remarkable cosmic ray effects cannot be caused 
simply by changes in the Earth’s external magnetic field, for example, by the 
crochets, which are simultaneous with the flares. Equally large crochets have 
occurred in association with many other flares which have not been accompanied by 


cosmic ray variations. Moreover, the comparable “daily variation” of the magnetic 


» Hx line in intense flares (Sherborne and Edinburgh) 


Fig. 4. Spectrophotometric profiles of the 
wing below the level of the red wing. 


The shaded area represents the depression of the blue 
This absorption asymmetry is believed to arise from the expulsion of hydrogen atoms in all 


directions by the flare Lyman x-radiation. The times are referred to those of peak intensity 


field only produces the much smaller diurnal variation of cosmic ray intensity. The 
Hare increases have also occurred simultaneously in the illuminated and in the dark 
and this fact, coupled in every case with their absence near the 


hemispheres: 
geomagnetic equator (Huancayo), indicates the arrival of charged particles having 


energies close to 5 l0®%eV. At present the conclusion seems inevitable that these 
particles must have been accelerated to velocities approaching the speed of light by 
some unknown mechanism of the sunspot magnetic field near the time of the flare. 
Such a view is likely to have a profound influence upon future theories of the origin 
of cosmic radiation. 

There remains, however, a puzzling feature in relation to the relatively long lag 


between the flash of the flare and the peak of the cosmic ray burst. These intervals 
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were 1 for the two flares in 1942; 2-5" for that of 1946: and 0-5" for that of 1949. 
The flare times are known with an accuracy of a few minutes, either from visual 
observations or from the accompanying 8.1.D.; the cosmic ray measurements are 
made automatically every 15 min. Particles of this energy should have speeds 
approaching that of light and might be expected to reach the Earth within a few 
minutes of the flare flash as seen by Hz light. There are two possibilities to account 
for the rather long time intervals. Either we can assume that the particles are 
accelerated at the time of the flare and are then “stored” in sunspot magnetic fields 
before they can escape earthwards, or that they are accelerated by some magnetic 
field mechanism which normally operates near the end of the flare and not at its 
beginning. UNsoLp adopts the second hypothesis. He assumes that the ejected 
surge material carries its magnetic field upwards with it, and, on its subsequent return 
to the chromosphere about | hr after the flare, the destruction of this field generates 
the high energy particles. In this connection a search for sudden changes in the 
sunspot magnetic fields near the times of intense flares would be of great value. The 
new method for photo-electric scanning of solar magnetic fields, due to the BaBCocKS 
LO}, might prove effective for this purpose. 


5. Rapio EMISSIONS 


Solar radio emissions on metre wavelengths were discovered by HkrEy, who was 
examining observations of ‘interference’ coming from the direction of the Sun, as 
recorded by army radar sets during 26th—2s8th February, 1942. The time of maximum 
effect, as it later transpired, coincided with the visual observation at Sherborne and 
Greenwich [11] of the 3 flare of 28th February (referred to above) over the oreat 
sunspot which was then on the Sun's central meridian. Records which have since 
accumulated show that on a wavelength of 4-1.m (73 Mes) the radio power flux on 
such occasions may reach a level of 10-1’ W per m*-c s, or upwards of L000 times 
the mean level of the noise from a large sunspot. Fig. 2. for ex imple, contains a plot 
of the radio burst recorded by HEY on 19th November, 1949, alongside the develop 
ment curve of the flare as measured with the spectrohelioscope at Edinburgh. 
Hey finds|12] from an examination of many such coincidences that the beginning of 
the radio burst on 4:1 m wavelength tends to lag behind the peak of the flare by 
several minutes on the average. 


The Australian workers, PayNE-ScoTT and LirTLe, by use of a radio interfero 


meter technique operating on 97 Mc s, have been able to localize the source points of 


these radio outbursts accompanying flares | 13). Initially the source point is located 
just above the flare but rapidly moves upwards into the corona to heights of several 
solar radii. They interpret their observations as indicating that the radiation is 
excited by some physical agency originating at the same time, and in the same 
region, as the flare, and moving outwards through the corona with velocities of the 
order 500-3000 km per sec. They suggest that this agency may be identified with the 
departing corpuscular streams which, in favourable circumstances, give rise to 
terrestrial magnetic storms. WILD, who examined the radio spectrum of the out 

bursts | 1+), finds that the time lag observed by Hey between flare and radio noise 
becomes longer with decreasing radio frequency. This again is what one would 
expect if the radiations are excited by a stream of particles moving outwards through 
the corona; for the lower frequencies can only escape from the higher levels of the 


solar atmosphere. 
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6. THEORETICAL WoRK 


[It is clear that flares are complex phenomena involving branches of physics which 
are either new or only partially explored. In these circumstances it is not surprising 


that so few theories have been advanced to embrace all the observational features 
which have been described. GIOVANELLI (1948) bases his ideas upon the existence of 
sunspot electric fields. These are produced by variations of magnetic flux through 
the neighbouring sunspot. If the electric field exceeds a certain value he shows that 
electrons may quickly acquire sufficient energy to excite hydrogen atoms at collisions 
and flares may result. Many of the observed features of flares are accounted for, 
including their sudden commencement, stationary nature and restriction to chromo 
spheric and prominence levels. Other mechanisms involving sudden electrical dis 
charges in the solar atmosphere have been proposed by Bruce (1946), MARTYN 
(1947), and Rye (1948). 

UnsoLp (1949), starting from a discussion of the observed radio and cosmic ray 
emissions from solar flares, develops a unified theory which postulates the origin, in 
highly flare-active stars, of both the galactic radio frequency radiations and the 
general component of cosmic radiation. These views appear to gain considerable 
support from the discovery of “‘stellar flares’. The most notable example of this new 
type of variable star is UV Ceti (dM6e), which on a recent occasion showed an increase 
in brightness of six magnitudes occurring in less than | min. 

Whatever may be the final outcome of these interesting theories, it is evident that 


the investigation of solar flares has become a subject of cosmical significance. 


REFERENCES 


For a full list of references see: ‘Characteristic Properties of Chromospheric Flares’, M.N., 109, 3. 
1949; also * tecent Advances in the Observation of Solar Flares’’, Septicme Rapport de la Com 
Mission pour lV Etude des Relations entre les Phénoménes Solaires et Terrestres (Paris, 1951), p 11 
Only later papers, or those not included above, are given in the following list. 

WitTE, Bruno; Solar Research Memorandum (1951 October 23) (High Altitude Observatory, 
Boulder, Colorado). 

See, forexample, Link, F. and M 4SKova, D.; “Catalogues of Flares Observed at Ondfejov, 1948-5] 
Bulletin of the Central Astronomical Institute of Czechoslovakia, e. 186 and 3. 59. 

Dopson, HELEN W. and McMatu, Rospert R.; Ap. J., 115, 78, 1952. 

MusTeEL, E. R. and SEverny, A. B.; ““An Examination of the Spectra of the Great Chromospher 
Flare on the 5th August, 1949”’, Reports Izvestiya) of the Crimean Astrophysical Observatory, 
8, 1952. 

ELLISON, M. A.: ‘ Lonospheric Effects of Solar Flares’, Pub. Roy. Obs., Edinburgh, 1, No. 4 (1950 

Evuison, M. A.; ‘‘A Photometric Survey of Solar Flares, Plages, and Prominences in H« Light 
Pub. Roy. Obs., Edinburgh, i. No. 5 ( 1952). 

SvestKa, Zp.; Bulletin of the Astronomical Institutes of Czechoslovakia, 2, 81; 2, 100; 2, 120; 
9, 150; 2,153; 2, 165; 3, 1. 

ForsBusH, E., StiNcHCOMB, B. and ScHEIN, M.: Phys. Rev., 79, 501, 1950. 

BABCOCK, H. W. and BaBscoc K, mn. D.: Publications of the Astronomical Society of the Pac ific, 
64, 282, 1952. 

Newton, H. W.; Observatory, 64, 260, 1942 

Hey, J. S., Parsons, S. J. and Puiuurpes, J. W.; M.N., 108, 354, 1948. Hey, J. S.; A.R.D.E 
Report No. 372 (1952). 

PayYNE-Scotrr, RusBy and Littie, A. G.; Austral. Journ. Sci. Res., A 5 (No. 1), 32-46, 1952 

WiLp, J. P.; Austral. Journ. Sci. Res. A, 3 (No. 3), 399-408, 1950. 


M-Regions and Solar Activity 


M. WALDMEIER 
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|. INTRODUCTION 


ALTHOUGH, as early as 1852, R. Wor, M. Gautier, and Colonel SABINE discovered, 
independently of each other, the relation between sunspots and geomagnetic distur 
bances, and thus founded the many-sided science of solar-terrestrial relationships, 
some important particulars are still rather uncertain and the relevant theories still 
very unsatisfactory. The direction of research was given less by statistical investiga 
tions than by typical single occurrences, as, for instance, the solar eruption observed 
by CARRINGTON on Ist September, 1859, and the magnetic storm which began the 
following day. This correlation, which has been particularly emphasized by G. E. 
Hate, and which has been strengthened in recent times since the invention of the 
spectrohelioscope. led to a picture according to which the eruptions are accompanied 
by the emission of an invisible corpuscular stream with a velocity of 1000-2000 km 
per sec. which, if it hits the Earth, causes aurora and magnetic storms. In this way 
it was, indeed, possible to trace the greatest magnetic storms to their solar origin: 
but these are rare events. For the very frequent storms of moderate and small 
intensity no connection with the eruptions can be traced. This is immediately) 
shown by the fact that, for the storms having a moderate intensity, there is a 
strong tendency to recur with a period of twenty-seven days, while the eruptions are 
unique occurrences of short duration. The fact. however, that the synodic rotation 
period of the Sun is strongly reflected in geomagnetic events, proves that the weak 
magnetic disturbances also have a solar origin. This has led to the idea that certain 
regions of the Sun frequently emit a continuous ray-like stream of corpuscles for a 
period up to several months. The attempts to discover the source-regions of such 
streams in the form of visible features of the solar surface (for instance, the spots 

have been unsuccessful even when a possible phase shift between solar and magnetic 
event was taken into account. This situation led BARTELS (1932) to call the invisible 
source of the solar corpuscular radiation the M-regions: it has hitherto been 
impossible to explain them in a satisfactory manner. In the meantime, however. 
these M-regions have acquired a considerably increased importance, since the corpu 

scular radiation which they emit causes extensive ionospheric disturbances. Even 
though it is impossible to get rid of these disturbances. which are particularly 

annoying in the short-wave region, a reliable prediction of the disturbed periods 


would be of great help to practical requirements. 


2. ATTEMPTS TO IDENTIFY THE M-REGIONS 
Continuous observations of the corona, begun by the author at the end of 193s, 
exhibited a new form of solar activity and suggested the idea of looking for a possible 


connection between coronal activity and geomagnetic disturbances. Already one 
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vear later such a connection was indicated as probable (WALDMEIER, 1939). A 
considerable increase in the observational material confirmed the correlation and 
placed it on a broader basis (WALDMEIER, 1942). Certain regions of the Sun, which 
are distinguished by a particularly high coronal intensity and which have statistical 
properties similar to those of M-regions, have been called C-regions. These results 
were briefly summarized in the following statement: ‘‘Various small and closely 
limited regions of the solar surface eject a corpuscular radiation for a considerable 
period of time. These so-called M- or C-regions are always in the sunspot zone, but 
within this zone they are in spot-free areas.”’ 

In a subsequent investigation it was possible to correlate closely these M-regions, 
the corpuscular radiation from which has a velocity of 300-600 km per sec., with 
long-lived filaments (prominences); WaLDMEIER, 1946. In a later paper the author 
further developed his view on the nature of the M-regions (WALDMEIER, 1950). 
According to this, the regions from which the continuous corpuscular radiation of 
the Sun originates are those which were at first covered by spots but afterwards 
remained spot-free for a considerable length of time. This view was able to explain 
the remarkable property of the M-regions, that they appear only in those years 
which immediately precede the sunspot minimum. 

These various attempts to identify the M-regions have been considered by a number 
of astronomers as representing a change in the views of the author, in the belief that 
each later communication was a correction of the previous one. This, however, is 
not the case; the various papers do not represent different views but only different 
aspects of one and the same view. Both the large filaments of the main zone, as also 
the C-regions, are the successors of spots, but survive long after the disappearance of 
the entire spot groups. Regions which are covered by filaments, C-regions and dead 


spot areas, are various aspects of one and the same event. 


3. THE M-REGION OF JULY TO DECEMBER, 1950 


Since the connection between the M-regions and optically observable solar pheno- 
mena cannot be regarded as clarified by the previous investigations, we have analysed 
the first M-region which became prominent during the present declining phase in 
solar activity, namely that of July to December, 1950 (Table 1). 

The periodically recurrent magnetic storm could be followed through eight rota- 
tions. The first disturbance occurred on I|lth July, the second on 7th August, the 
third on 3rd September, the fourth on Ist October, the fifth on 28th October, the 
sixth on 25th November, the seventh on 22nd December, while the eighth was 
inconspicuous. As a measure of the magnetic activity, we used the daily sums of the 
three-hourly values of the geomagnetic variables. In order to emphasize better the 
periodically recurring activity, we have superimposed the seven periods from Ist July, 
1950, to 7th January, 1951, according to the ‘‘superposed-epoch method”. In this 
way, the above-mentioned onsets of the magnetic disturbance always fall on the day 
with the number 11. The means of the magnetic variable taken over seven periods 
are entered in Table 1 under M. The Ziirich relative sunspot numbers have been 
averaged in the same way and have been entered under S. As a measure of the 
intensity of the coronal line 25303 A, the estimated intensities of the observations 
at the Climax Observatory (see Quarterly Bulletin, Ziirich, 1951-52) have been used 
in the form of the sum of the values estimated in 5°-wide strips of heliographic 


M-Regions and solar activity 


Table 1. Geomagqnetism, sunspots, prominences, 


Ceomagnet! 

Sunspots 

Corona 

Mean corona 

Reduced corona 

Prominences 

Mean prominences f At 512 d09 


Reduced prominences P* S 5 : 7°52 8:46 


latitude between 30° and 30°. Observations from the east limb have been 
ascribed to a date seven days later, and those from the west limb to one seven 
days earlier. The coronal intensities, reduced in this way to the central meridian 
and averaged over the seven rotational periods, are entered in Table 1 under © 
The observations of prominences at the Sun’s limb, obtained at the stations of 
Zurich, Arosa, and Locarno, have also been reduced to the central meridian in this 
way and averaged. These areas, expressed in prominence units, are entered in 
Table 1 under P. Unlike the coronal intensities, this summation of the prominence 
areas refers to the whole east and west limbs, from 90° to 90° heliographic 
latitude. Since, however, only isolated and small prominences appear in latitudes 
above 50°, these sums in fact represent the prominence activity in the main zone. 

The solar quantities S, C, and P cannot immediately be compared with one another, 
as 8 refers to the whole visible hemisphere, while C and P refer to the central meridian. 
In order to make the three series comparable, we have formed running means of 
C and P covering nine subsequent values (four days before to four days after central 
meridian passage); the fact that the limb region of the Sun makes a smaller contribu 
tion than the central regions to the relative sunspot numbers also has been taken 
into account. These overlapping means are entered in Table 1 as C and P. 

3ut these quantities are still not suitable for comparison with M. In the 
author’s view the C-regions of the corona should be responsible for the magnetic 
disturbances. C-regions however are not merely regions of high coronal intensity, 
but regions of great activity without the existence of a spot group in this particular 
area. Since, in general, coronal intensities appear to be increased above spot groups. 
C varies in the same manner as 8. Geomagnetic phenomena, however, are decisively 
influenced by regions which appear exceptionally bright in spite of the absence of 
spots. Since we had not made any selection according to regions with or without 


spots when we determined the values of C, we can take account of this by forming the 


ratio C* CS. To the extent that coronal intensity runs parallel with spot activity, 
(* is constant. In regions, however, where the coronal intensity is large compared 
with spot intensity, 7.¢. in C-regions, (* is also particularly large. Thus C* can serve 
as an indicator for C regions. Similar considerations apply to P which consists of 
contributions from the filaments outside the spot regions (which in the author's 
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and corona (July to December, 1950) 
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view are the only filaments responsible for geomagnetic activity) as well as from 
prominences connected with spots. Here, too, it is not the absolute frequency which 
is decisive, since large prominences near spots may be magnetically inactive, while 


Fig. 1. Relationship between terrestrial 
magnetism M and different manifestations 
of solar activity (S, P*, C*) 


6 8 IO 12 14 16 18 2022 24 


those outside spots may be very active indeed. The essential factor is the prominence 


frequency referred to the spot-frequency, i.e. P/S P*, This quantity, which 
reaches its maximum for prominences which occur in spot-free areas, should therefore 


be another indicator for M-regions. 
After these introductory remarks we can now discuss Fig. 1, which represents the 
quantities M, S, P*, and C*. The M-region to be investigated here is the magnetic 


disturbance setting in on the 11th day. The smaller disturbances of the 7th and 24th 
day do not repeat themselves, at least not through all seven rotations, and they should 
confirms our earlier 
the M reguon 1s preceded by a minimum of S and by a maximum of P* and C*. 


results 
The dé ] 17 with which M follows On S and ( = 1S » } days hs if follows On p* in hwo days. 


The same relation appears also to be valid for the second highest maximum of M 
but this is of no great importance. This maximum is 


therefore not necessarily be attributed to M regions. Fig. | 


which occurs on the 24th day: 
preceded on the 22nd day by a minimum in 8 and by maxima in P* and C* 


$. OTHER ATTEMPTS TO IDENTIFY THE M-REGIONS 


Since the preceding analysis of the M regions ot July to December, 1950, did not 


upset our previous results but has confirmed them in all their three main points 


with respect to spots, prominences, and corona). we shall now finally examine 


“.f€. 
the extent to which the results of other authors coincide with or contradict ours. 


After the author had announced the correlation between the M- and C-regions 


WALDMEIER, 1939, 1942) a corresponding investigation was initiated by SHAPLE) 


and Rowerts (1946) using the coronal observations obtained at Climax. These 
authors also found a correlation between the intensities of the coronal line 25303 A 
ind ceomargcnetic activity but in the sense that the magnetic storm appeared to 


n foul days before the passage C1 a bright coronal region through the central 


meridian. The same result was recently obtained by TROTTER and ROBERTS (1952), 
und by MULLER (1953), while SMyTH (1952) is unable to confirm it.* These authors 
use the intensity of the corona without making any distinction between cases where 


the bright coronal regions occur in conjunction with spots and where they appear 


without spots. Since. however. the coronal brightness IS alWays greater above spots, 


ind since the greatest observed brightnesses have always been associated with spots, 


we must expect the statistics of coronal intensities to be very similar to those of the 


spots, while they will differ essentially from the statistics of the C-regions as defined 


by the author. Nevertheless, it appears not quite impossible to reconcile our results 
with those of ROBERTS, SHAPLEY. TROTTER, and MULLER. which have also been 
by Wtuir and NICHOLSON (1948). According to a 


supported by an investigation 
centres of spot activity frequently occur in diametrically 


papel Luthor 


opposite positions while, particularly in the years preceding the spot minimum, 


regions at about 90° from the active meridian are quiescent and may therefore be 


M-regions (WALDMEIER. 1949). For the statistics of the brightness. however. the 


regions with spots are the decisive ones. To Say that a magnetic storm begins four 


days before the meridian passage of the bright coronal region then becomes equiva- 


lent to saying that the beginning of the storm occurs three days after the passage of 


the spot tree area which is the suspected AY region. 
ALLEN (1944), which is also accepted by H. von KiLtBer (1952), 
I 


to which the M-regions avoid the spots and probably produce the long 


reamers (whose corpuscles have a mean velocity of about 600 km per sec, 


be reconciled with oul results To do so it Is only necessary to recall that On 


\otographs the bases of long streamers are usually occupied by a prominence. 


vy. attention may be drawn to the fact that the sequence of M-storms 
inalysed here was preceded by a very active spot group, which crossed the central 


meridian on 14th June. 1950. It had disappeared at the following rotation, but the 


so BLA 


M-region had taken its place. MAXWELL (1952) has emphasized that this group was 
accompanied during its passage through the central meridian by particularly intense 
radio effects. Since the radio emission in this region disappeared simultaneously 
with the spot group, it cannot be considered as an event connected with the M-region. 
On the other hand, however, if this event does not remain an isolated occurrence, it 
may be possible in the future to use the observation of particularly intense radio 
emission to discover centres of spot activity which may become M-regions after the 
disappearance of the spots. 

Even to-day the identification of the M-regions cannot yet be considered as having 
been finally clarified and the problem requires full attention both from the scientific 


and from the practical point of view. 
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The Corpuscular Radiation of the Sun 


M. J. SMYTH 
Roval Observatory, Edinburgh* 


SUMMARY 

KF. J. M. Strarron in his Astronomical Physics (1925) summarized the available information about 
relationships between the Sun and the Earth thus: “Some connection, the exact nature of which is not 
known, also exists between disturbances on the Sun and magnetic storms and aurorae on the Earth 
3 days—the 


The chief point of interest lies in the recurrence of magnetic storms after an interval of 27 
synodic period of the sunspot zones: it is as though a storm arises when the Earth enters a beam 
charged particles coming from a particular point on the Sun and is repeated 27-3 days later when the 
Earth oce upies effectively the same position relative to the Sun”. Our knowledge of solar-terrestrial 


of 


relationships has greatly expanded in the last thirty years, and various aspects are dealt with elsewhere 
in this volume. This article reviews the present evidence for radiation of charged particles from the 


Sun as one source of such relationships.7 


1. SOLAR-TERRESTRIAL RELATIONSHIPS 


Iv is nearly a hundred years since CARRINGTON’S observations (1859) of a short-lived 
bright patch on the Sun, followed after 17 hr by auroral displays and a geomagnetic 
storm, suggested a connection between a specific solar event and a specific magnetic 
disturbance, in addition to the known general correlation between geomagnetism 
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and the eleven-year sunspot cycle. Statistical investigations by GREAVES and 
NEWTON (1928, 1929), following an earlier survey by MAuNDER, showed a definite 
tendency of the greater magnetic storms to follow one day after the central meridian 
passage of large sunspot groups; smaller storms, although not significantly associated 
with sunspots on the disk, showed a tendency, not shared by greater storms, to recur 
with the twenty-seven-day frequency of the Sun’s synodic rotation period. A 
general twenty-seven-day recurrence tendency in geomagnetic disturbance was con- 
clusively demonstrated by CHREE and Stace (1927). Thus the emission of clouds or 
streams of corpuscles from limited areas of the Sun’s surface, with a transit-time of 
about one day, was suggested. 

A decade of spectrohelioscope observations enabled NEwTon (1943, 1944) to show 
that it is the more intense chromospheric eruptions or “‘flares’’, associated with active 
sunspot groups, that are strongly correlated with great magnetic storms. The 
correlation holds in general only for flares of importance 3+ and 3. The average 
Hare-storm interval varies between 34 hr for smaller storms and 22 hr for greater 
storms, the shortest on record being 17 hr (NEWTON and Jackson, 1951). Thus, in 
addition to a burst of short-wave radiation whose simultaneous ionospheric (ELLISON, 
1950) and geomagnetic effects (NEWTON, 1948b) are now well known. flares are 
inferred to emit a cloud of particles whose average velocity between the Sun and the 
Earth varies from 1900 km per sec. to 1200 km per sec. The distribution of storm- 
effective flares on the Sun’s disk suggests that the conical angle of emission of particles 
is usually restricted to about 45°, so that even intense flares near the limb rarely 
produce magnetic storms (NEWTON, 1943, 1944). 

The numerous small geomagnetic storms which occur about sunspot minimum, 
however, are not related to solar flares. Their marked twenty-seven-day recurrence 
tendency, in contrast to flare-storms, led BARTELS (1934) to associate such recurrent 
sequences with hypothetical persistent active regions or *.W-regions” on the Sun. 
There appear to be several characteristic differences between flare-storms and - 
storms, although it is natural to suppose that some form of corpuscular radiation is 
the cause of the latter as well. WALDMETIER (1948) has designated by P, the tem 
porary blast of particles from flares, and by P, the persistent corpuscular radiation 
causing recurrent magnetic storms. It is convenient to treat these separately, from 
the observational point of view, leaving the question as to their physical similarity open. 
2. THEORIES OF MAGNETIC STORMS AND AURORAE 
First, we consider the requirements of theories of geomagnetic storms and aurorae. 
The most extensive work in this field is due to CHAPMAN and FERRARO (see CHAPMAN 
and BARTELS, 1951; CHAPMAN, 1952). The problem is highly complex, and detailed 
mathematical treatment has been possible only for idealized cases. An ionized but 
electrically neutral stream is supposed to be emitted, continuously or for a brief 
period only, from a limited region of the Sun’s surface. A selective radiation-pressure 
mechanism for the ejection of chromospheric atoms, with velocities up to 1600 km 
per sec., was in fact suggested by MILNE in 1926. The subsequent motion of indivi- 
dual particles will be radial, at distances of more than a few solar radii, but in the 
case of a continuous stream the envelope will be curved, and will sweep round with 
the Sun’s rotation. The Earth’s magnetic field is supposed to carve out a hollow in 
the advancing stream, resulting in an increase of the Earth’s surface field, as observed 
in the initial phase of geomagnetic storms. Later, a westward ring current system is 
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supposed to be set up, causing the observed decrease in surface field during the main 
phase of the storm. In the auroral zones, concentrated electric currents or electrojets 
are set up, and are believed to flow in the polar ionosphere at heights of 100-150 km. 
On this theory, the density of the stream before entering the Earth’s magnetic field 
is of the order of 100 particles (mainly protons) per cubic centimetre. 

Further suggestions on the same lines have been made by Martyn (1951). Some- 
what different types of theory have been proposed by Hoy.e (1949) and by ALFVEN 
(1950); the latter requires a much lower density in the stream. All plausible theories 
of magnetic storms and aurorae, however, suppose the existence of some form of 


solar corpuscular radiation. 


3. FLARE-STORMS 

The possibility of detecting an approaching corpuscular cloud, by means of its 
Doppler-shifted spectral absorption, was originally proposed by CHAPMAN in 1929. 
The expected absorption will be small, and unfortunately the main constituent of the 
cloud, hydrogen, will be ionized and therefore produce no absorption line. Photo- 
graphic observations by RicHARDSON (1944) at Mount Wilson in 1941-2, and by 
BrUcK and RuTLLANT (1946) at Cambridge, have given some evidence for anomalous 
absorptions of the order of | per cent in the violet wings of the H and K lines of 
ionized calcium, during magnetic storms following flares. The velocities indicated are 
between 700 and 900 km per sec., but the plates were taken some time after the 
commencement of the magnetic storms, and the faster particles may already have 
passed the Earth. Internal evidence, such as differences between the observed 
absorption profiles for the H and K lines, suggests that the errors in these observa- 
tions may be of the order of | per cent, so that they cannot be regarded as definitive. 

KAHN (1949, 1950), in a theoretical study of the expansion of a corpuscular cloud 
emitted from a flare, has shown that a cloud sufficiently dense to cause a detectable 
absorption when near the Earth should cause a very heavy absorption soon after its 
emission from the Sun. Clouds corresponding to density estimates based on geo 
magnetic data (100 particles per cubic centimetre) will not, it is predicted, cause 
observable absorption. The value taken for the initial density of the cloud (10"™ par- 
ticles per cubic centimetre) is, however, lower than SVESTKA’S estimate (1950-51) 
for the density in a flare (10! particles per cubic centimetre). The observability of 
H and K absorption depends on the proportion of Ca It ions present; if the ratio 
(‘a : H is as low as 10-5, as given in recent estimates (UNSOLD, 1948), Ca 11 may be 
detectable only in very dense clouds. The necessity for spectroscopic observations 
immediately following flares is therefore stressed by CHAPMAN (1947). 

Photo-electric observations by the present writer (SMYTH, 1952a) during 1949-51 
showed that there was no absorption of as much as | per cent, in the violet wing of 
the K line, during or after the flares observed. These were not, in most cases, near 
the centre of the Sun’s disk, and did not result in magnetic storms; but an expanding 


corpuscular cloud might be detectable in its early stages, although not directed so as 
to reach the Earth. Nevertheless, no absorption exceeding 0-5 per cent followed a 


flare 3+ which was observed. 

A further possibility for detecting ejected corpuscles is offered by the asymmetry in 
the Hz. line profiles of many flares (WALDMEIER, 1941; ELLISON, 1943, 1949; SVESTKA, 
1950-51). The violet wing of Hx is frequently depressed, indicating absorption 
of a few per cent by hydrogen atoms with approach velocities of 100-400 km per 


$ 
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These velocities are insufficient for particles which are to reach the Earth within 


sec, 


one day, but may represent an early stage of their acceleration. Most great flares 


are observed also to eject “surges” with velocities up to 750 km per sec. (ALLEN, 1938; 
Dopson and McMatu, 1952): usually, however, these appear to be decelerated, and 
to fall back into the Sun. 

Finally, radio-astronomy gives some evidence of the ejection of matter from flares. 
WiLp (1950) finds that the drift of cut-off frequency in the radio noise “outbursts” 
associated with flares indicates that the noise source rises through the Sun’s atmo- 
sphere with a velocity of the order of 500 km per sec. BRACEWELL (1950), using an 
interferometric technique, has also observed, shortly after a flare, a noise source 
moving out into the corona, to a distance of at least 0-6 solar radii, with a transverse 
velocity of 300 km per sec. An apparent tendency for flares on the eastern half of 
the Sun’s disk to be more frequently accompanied by noise bursts than those on the 
western half has also been interpreted as due to the screening effect of curved corpu- 
scular streams (HEY, Parsons, and PHILIPs, 1948; UNsOLD and CHAPMAN, 1949). 


4. M-sTORMS 

The evidence regarding ./-storms is largely indirect. The twenty-seven-day periodi- 
city in geomagnetism, clearly demonstrated by CHREE and StaGG (1927), refers 
partly to the recurrence of minor disturbances below storm intensity. Recurrent 
sequences are clearly shown on the well-known “BARTELS diagrams” (1934). V- 
sequences may comprise as many as eight storms, of moderate or low intensity (range 
in horizontal force ~ 1507), and the years just preceding sunspot minimum are most 
favourable for their appearance. There is some evidence that .W/-storms are always 
characterized by oradual onset. in contrast with the ‘sudden commencements’ of 
Hare-storms (THELLIER, 1948). 

3ARTELS associated recurrent storms with hypothetical active “.W-regions”” on 
the Sun, but was unable to find any correlation with visible solar features. From a 
statistical study of geomagnetic activity related to sunspots, ALLEN (1944) found 
that .V-regions tend to avoid the neighbourhood of sunspots, and that the Sun-Earth 
travel time of the associated corpuscular streams is about three days, with an 
average velocity of 600 km per sec.; he suggested the possible connection of .W-regions 
with the long coronal streamers seen on eclipse photographs. Day-to-day observa- 
tions of the emission lines of the inner corona appear to offer at present the best hope 
of identifying the .W/-regions. 

Soon after the invention of the coronagraph, WALDMEIER (1939, 1942) discovered 
certain “C-regions”’ of the inner corona, which appeared exceptionally bright when 
seen on the limb in 45303 light. There was in 1939-40 a strong tendency for high 
geomagnetic activity to occur about one day after the central meridian passage of 
these regions, which WALDMEIER therefore identified with the .W-regions. SHAPLE) 
and Roperts’ observations (1946) during the 1942-44 sunspot minimum, however, 
indicated a low peak in geomagnetic activity only 3-4 days after bright 45303 regions 
had crossed the east limb of the Sun, followed by a drop below average, 3-4 days 
after their central meridian passage. KIEPENHEUER (1947, 1952) suggests that there 
may be two types of persistent corpuscular radiation, a “‘fast’’ radiation emitted from 
C'-regions, and a “‘slow”’ radiation, emitted in the form of coronal streamers associated 
with prominences, which is deflected by the moderately bright coronal regions of 


sunspot minimum. 
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The existence of this “slow” radiation is deduced from a slight rise in geomagnetic 
activity, 3-4 days after the central meridian passages of prominences (seen on the 
disk as hydrogen dark filaments), during the 1922-24 sunspot minimum. The high- 
latitude prominences appear at about the same stage of the sunspot cycle as the 
M-storms (NEwTon, 1948a), and these prominences as well as the coronal streamers 
seem to avoid sunspot areas (ALLEN, 1944). WALDMEIER (1950) now suggests that 
M-regions are regions that are first occupied by sunspots and afterwards are free 
from photospheric disturbances for several months. Such sunspot-free areas are 
frequently occupied by dark filaments. MAxwetu (1952) has recently pointed out 
that a 1950 sunspot group, with unusual radio noise characteristics, may have been an 
incipient ./-region; eight subsequent returns of this region were followed by moderate 
magnetic storms, the sunspots having faded out. 

An analysis by the present writer (SMyTH, 1952b) of coronal data for 1950, however, 
shows some reduction of geomagnetic activity following the central meridian passages 
of bright 25303 regions, suggesting the deflection of corpuscular streams; and further, 
the onsets of the above-mentioned sequence of eight .W-storms in 1950-51 followed 
the central meridian passages of unusually faint regions of the monochromatic 
corona. Recently, VON KLUBER (1952) has drawn attention to a long and intense 
(white-light) coronal streamer, visible at the 1952 February 25 eclipse, whose 
central meridian passage would occur a day or two before the onset of one of a sequence 
of M-storms. There is some correlation between the form of the white-light corona 
and the brightness of the monochromatic corona at the limb. The present rather 
confused position regarding the relation of the corona to geomagnetism is not 
surprising, in view of the fact that the corona is a complex three-dimensional system 
of which we normally see only a two-dimensional cross-section of the inner regions. 

During 1952, when the sunspot number has fallen to minimum values, MULLER 
(1953) has again noted an apparent correlation between geomagnetic activity and 
25303 at the east limb. This would associate the previously mentioned east-limb 
eclipse streamer with a rather insignificant rise of geomagnetic activity. O'BRIEN 
(1953) and others have found enhanced solar radio emission in the neighbourhood 
of this streamer. Das and BHARGAVA (1953) have observed magnetic crochets with 
simultaneous radio noise bursts during an J/-storm, when the disk was practically 
free from bright markings, spots or filaments. 

Attempts have been made at various times to ascribe geomagnetic storms to sudden 
enhancements of the Sun’s ultra-violet radiation. These theories meet with strong 
objections (CHAPMAN and BaRTELs, 1951; CHAPMAN, 1952), particularly in the case 
of flare-storms, where the simultaneous (daylight-hemisphere) magnetic “‘crochet’’ 
due to ionizing radiation is contrasted with the delayed (worldwide) magnetic storm 
attributed to the arrival of a corpuscular cloud. Nevertheless WuLF and NICHOLSON 
(1948) have pointed out that the onsets of a sequence of .W-storms in 1943-44 
coincided with the appearance at the east limb of a patch of bright calcium plages, 
and have suggested that the storms were due to the sudden increase in ionizing 
radiation when the plages appeared over the limb. Data for further J/-sequences 
will be required to show whether these coincidences are significant. 


5. SOLAR CORPUSCLES AND THE AURORA 


Displays of the aurora polaris are intimately connected with geomagnetic storms, 
and give additional information about the Sun’s corpuscular radiation (CHAPMAN 
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and BARTELS, 1951; CHAPMAN, 1952; HARANG, 1951). Their spectra contain lines 
of neutral and ionized oxygen and nitrogen, and nitrogen molecular bands, but 
VEGARD (1939) discovered that hydrogen lines Hx and Hf are also occasionally 
visible. High-resolution spectra by MEINEL (1952) have recently shown that the H« 


protile, found only at the beginning of an aurora, is displaced and asymmetric. This 


is a direct indication of the entry of hydrogen ions into the upper atmosphere; the 
Doppler-shift corresponds to an approach velocity of 500 km per sec., but the wing 
of the line extends as far as 3000 km per sec. The line-profile is a function of the 
probability of electron capture into the third energy-level by the incoming protons, 
and is insensitive to their initial velocity distribution, since they cannot emit Hz 
until their velocity has been sufficiently reduced by collisions. The Ha emission is 
concentrated towards the bottom of the auroral arc: observation of the depth of 
penetration (~ 100 km) may give an indication of the incident velocity of the 
hydrogen. This will probably be higher than its velocity on leaving the Sun, owing 
to acceleration near the Earth. 

There is a possibility that auroral frequency data may prove as sensitive as geo 
magneti: data for the detection of .V sequences. Paton and McINNES (1953) have 
identified auroral .V/ sequences In 1952 which are not easily detectable in the geo 
magnetic character-figures. There may be characteristic differences in form between 


recurrent aurorae and those associated with flares. 


6. FUTURE POSSIBILITIES 

Until solar activity again rises, towards the next sunspot maximum, we are unlikely 
to learn much more about the corpusculal clouds ejected from flares. Then. photo 
electric measurements on the profiles of suitable Fraunhofer lines should enable us 
either to detect these clouds, or to set an upper limit to their density, with more 
certainty than hitherto possible Photo-electric measures of the development of the 
asymmetry in flare Hz should also be valuable. We may thus. provided their density 
is not too low, obtain evidence of the area, direction and mode of emission of corpu 
scular clouds and their relation to the importance of the flares 

With regard to .W-regions. a difficulty in identifving them from apparent correla 
tions of storm sequences with visible solar features is that, in the absence of informa 
tion as to the breadth and direction of the corpuscular streams, the persistent relative 
configurations of solar features during sunspot minimum may produce ambiguous 
correlations. A detailed comparison between the present solar minimum and 
previous ones may eventually enable us to decide what is permanent in the relation 
ships between .W/-regions and other solar features. We are uncertain at present, for 
example, to what extent corpuscular radiation may be regarded as a normal activity 
of the Sun, which is sometimes disturbed by other solar activity, or to what extent it 
is abnormal, and related to features such as bright coronal regions. Further, the 
mode of emission of corpuscles from ./-regions is obscure. The detection of corpus 
cular radiation from .W-regions by direct photo-electric spectrophotometry, though 
less favourable than in the case of flare-storms, may be worth attempting. Also, it 
may be possible to discover characteristic morphological differences between flare 
storms and .W/-storms, from analysis of geomagnetic and auroral data: such differ 
ences are suggested by the different intensity levels and types of onset, and may lead 
to information about the types of corpuscular stream which reach the Earth in the 


two cases. 
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Further investigations of the appearance of hydrogen lines in various types of 


aurorae will evidently be necessary. Photo-electric methods may be desirable, since 
it is probable that in many long-exposure photographs the hydrogen lines, which 
appear for a short period only, are swamped by the other more persistent auroral lines. 
Laboratory experiments on the bombardment of low-pressure atmospheric gases by 
protons should help to decide what velocities and densities are involved. Finally, 
visual (PATON and McINNgs, 1953) and radar (CHAPMAN, 1953) observations of 
aurorae from many stations will supplement geomagnetic data in detecting the 


arrival of solar corpuscles in the Earth’s atmosphere. 
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Cosmic Rays and the Sun 


P. M. S. BLACKET!1 
Vs il Laboratori S. Man 


ONE of the most striking features of cosmic rays is their great constancy in time.? 
Apart from effects due to changes in the atmospheric temperature and pressure, the 
intensity of cosmic rays at sea level is constant in time to certainly less than 
5 pel cent 

This fact alone makes it nearly certain that the Sun is not the origin of any but a 
very small fraction of the cosmic rays W hich reach the Earth. For it seems impossible 
to devise a mechanism by which cosmic rays emitted by the Sun could be so deflected 
and diffused in direction so as to arrive on the Earth equally from all directions. 
Attempts to postulate certain arbitrary distribution of magnetic field, supposedly 
capable of achieving this aim, must be considered failures. We therefore conclude 
that certainly less than } per cent of cosmic rays at sea level come from the Sun. 


This result is of great cosmological significance: for if the Sun is excluded as a 
prolific source of cosmic rays, so are likely to be all other stars with similar external 
physical features. Thus the main source of cosmic rays must be sought either (@) in 
normal stars of very different spectral type or (6) abnormal stars, for instance, 
magnetic variables, or (¢) novae: alternatively and quite plausibly, (d) cosmic rays 
may originate in diffuse interstellar matter. 


Although the quiet Sun is a very weak radiator of cosmic rays. if it emits any at 
all, there are rare occasions when, for a period of an hour or so, a large intensity of 
cosmic rays is produced, amounting to an increase at sea level which has been known 
to reach up to 50 per cent of the normal cosmic ray intensity. In the last ten years, 


four such large bursts of cosmic rays with an average increase of 10-15 per cent have 


been observed and in all cases were associated very closely in time with exceptionally 
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intense solar flares. The dates were: 28 February, 1942; 7 March, 1942; 25 July, 
1946: and 19 November, 1949. 

The magnitude of a sudden increase of cosmic ray intensity of this type is found 
(a) to be small near the magnetic equator and (b) great at a large altitude and (c) 
somewhat greater at a longitude well to the west of the position on the Earth under 
the Sun at the time of the flare than at this latter position. All these three facts are 
consistent with the hypothesis that at the time of an intense solar flare the Sun emits 
copiously positively charged particles, mainly protons, of energy up to but not 
exceeding about 5 10®eV. Some neutrons of similar energy are almost certainly 
also produced by collision; most of them must decay into protons and electrons 
during their travel but some will survive to reach the Earth. These will produce 
their maximum effect near the noon position on the Earth at the time of the flare. 

The precise mechanism of the acceleration of these particles is not known, but is 
almost certainly due to the temporary existence of strong and extensive electric 
fields resulting from the rapid changes in magnetic field associated with the sudden 
gaseous electric discharge which almost certainly constitutes a solar flare. The sudden 
onset of a flare is equally plausibly attributed to the rapid variation of conductivity 
of an ionized gas with changes in the strength of the magnetic field.* The above 
results show that the Sun does occasionally emit cosmic rays of low energy, say less 
than 5 lo*%eV, but that apart from the occurrence of intense solar flares, the 


contribution to the total cosmic ray flux at the Earth is certainly less than } per cent. 
The Sun almost certainly does not produce cosmic rays of high energy, e.g. greater 


than 10M eV, 


The much more frequent small solar flares can also be shown to produce a small 
increase of cosmic rays by correlating statistically the cosmic ray intensity with 
radio fade-outs, which are themselves known to be associated with flares. 

Further there is a well-marked recurrence phenomenon whose period of twenty 
seven days agrees with that of the mean rotation of sunspots and disturbed regions : 
that is to say, any day of exceptionally high or low cosmic ray intensity is likely to 
be followed twenty-seven days later by a day of abnormally high or low intensity. 

Since, however, the latitude and height variation of these two effects appears 
unknown, it is not possible to know whether they are due directly to the arrival 
and non-arrival at sea level of slow particles from the Sun, or to some indirect effect. 


Apart from the direct production of low energy cosmic rays, the Sun certainly 
influences the intensity of cosmic rays on the Earth in a number of indirect ways. 
Firstly, there are various effects of changes in the Earth’s atmosphere which are 
directly or indirectly due to the Sun, The well-known decrease of cosmic ray intensity 


with increasing barometric pressure is a simple absorption effect: the decrease of 


cosmic ray intensity with increasing atmospheric temperature and so increased 


height of atmosphere is explained by the increased chance of “-mesons decaying 
before they reach the ground. In addition to these two effects, the cosmic ray 
intensity at sea level has been found (see ELLIOT, loc. cit.) to be correlated positively 
with the temperature of the atmosphere at the layer of meson formation. Part of 
this effect is probably due to competition between collision and decay of 7-mesons, 


* Theoretical discussions of the possible mechanisms of solar flares have been given by GIOVANELLI, M.N., 109, 237 (1949), 
and in previous papers 
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but part may probably be explained by changes in the structure of the lower atmo 
sphere which affect the chance of a meson reaching sea level without decaying 


(OtBERT, Phys. Rev., 1953). These effects will not be further considered. 


During a large magnetic storm a considerable reduction of cosmic ray intensity / 
is often recorded, amounting to up to 10 per cent, roughly in phase with the decrease 
of horizontal field H. Since these changes in H and J follow approximately 24 hr 
after large solar flares (with their occasional contemporary sudden increase of /), 
both are to be attributed to the influence of streams of ionized particles emitted 
from the Sun at the time of a flare and travelling to the Earth with a speed of about 
2 10°cm per sec. There is much controversy as to the detailed mechanism of 
this effect, but it has usually been assumed that both the change in the magnetic 
field and in the cosmic ray intensity are probably connected with the temporary 
existence of electric currents circulating around the axis of the Earth and which 
result from the arrival of the ionized stream of particles. Currents of this kind 
certainly exist in the ionosphere during magnetic storms, but possibly also at much 
greater distances, ¢.g. up to a few Earth’s radii away from the Earth. It seems 
certain, however, that the observed decrease of cosmic ray intensity is much too big 
and shows much too little variation with latitude or height to be a direct result of 
the magnetic field of such ring current. 

It seems, perhaps, more probable that the decrease of cosmic ray intensity during 


the active phase of a magnetic storm, is due in some way to an electric field associated 19 
with the stream of solar particles, rather than with the associated magnetic field. 


Not very much quantitative data on the phenomenon appears to exist, but what 


there is suggests that the decreased cosmic ray intensity (a) in different storms is 


not closely correlated with the magnitude of the decrease of magnetic field, (4) but 


in any given storm does not vary much either with latitude, longitude, or height above 


sea level. Now almost any postulated magnetic effect must surely influence the low 


energy cosmic rays more than those of higher energy and so will almost certainly 


produce changes in cosmic ray intensity which Vary rapidly with latitude and height 


above sea level. In fact, the increases of cosmic ray intensity associated with certain 


solar flares do show just this dependence on geographical position and height, and 


this dependence was taken as strong evidence that the observed increases are due to 


the arrival of low energy charged cosmic rays from the Sun. 


If this argument is correct, the storm decrease of cosmic rays cannot be due to the 


non-arrival of cosmic rays from the Sun, as neither does the Sun produce cosmic rays 


in sufficient quantity, nor can it be due to any change in the earth’s or the Sun's 


magnetic field, since one would then expect a large variation of storm decreases with 


position and height. 


When one comes to consider in what Way an electric field associated with a storm 


stream could explain the observed facts, it is essential to know whether the effect 


to be explained does or does not Vary much with geographical position, If. as above. 


it is assumed (on rather flimsy evidence) that it does not, then the simplest explana 


tion of the decrease of cosmic ray intensity is that the Earth as a whole becomes 


positively charged so that the energy of cosmic rays of all energies arriving at the 


earth from all directions becomes reduced. It can easily be calculated that a potential 


change of the order of 10% eV is required to produce a 10 per cent change in cosmic 
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ray intensity. ALFVEN attempts to show that the necessary electric fields could result 
from the motion of ionized streams of solar material through the postulated general 
magnetic field of the Sun. For a stream velocity of 2 10° em per sec and a solar 
equatorial field of 10 gauss, the magnetic field at the Earth is only 10~® gauss. The 
maximum electric potential difference likely to be produced when such a stream 
sweeps past the Earth is only about 107 eV, which is a hundred times too small to 
produce the observed effect. 

An alternative possibility is that the electric field is produced by the motion of the 
stream particles in the Earth’s magnetic field. A detailed quantitative treatment by 
NAGASHIMA (J, Geomagnetism & Geoelectricity, vol.3, p. 100, 1951), based on CHAPMAN’S 
conception of ring currents, gives a reasonable qualitative explanation of the fact 
but quantitatively predicts less than one-tenth of the observed decrease of cosmic 
ray intensity. 

At present one must rest content with the conclusion that the storm decrease of 
cosmic ray intensity is probably due to an electric field associated with the storm 
streams of solar particles, but that no quantitative explanation of the origin of the 


field can yet be found. 


In addition to the occasional flare increases and storm decreases of cosmic rays 
which can be large effects, e.g. 10 per cent, there is a well-known small daily 
variation of the cosmic ray intensity with solar time with an amplitude of about 
0-2 per cent and a maximum around or after midday. 

Since the diurnal variation increases very little with height it cannot be due to the 
emission from the Sun of any absorbable particles, ¢.g. protons or neutrons. The only 


particles of sufficient penetration known are “-mesons, which cannot reach the Earth 
from the Sun because of their short life, and neutrinos, which certainly are emitted 
from the Sun, but which have no known effects. Evenif they have effects in the Earth, 


their penetrating power is almost certainly so great as to make the whole Earth com 
pletely transparent to them, and so prevent them from producing a diurnal variation. 

We come, therefore, as in the case of the storm decrease, to the conclusion that 
the diurnal variation is probably an indirect effect of the Sun, and again for the same 
reasons, probably an effect of electric rather than magnetic fields. 

However, there is also the possibility that the diurnal variation is partly an atmos 
pheric effect, due, perhaps, to a hitherto undetected and rather inexplicable diurnal 
heating up of the upper atmosphere, which by means of the observed “‘positive 
temperature effect’> might produce the experimental curves. The first proof that at 
least part of the diurnal variation is not due to atmospheric changes arose from the 
marked difference found when the diurnal variation was measured with a cosmic ray 
telescope pointing North at 45° elevation compared with one pointing South at the 
same elevation. Since any atmospheric effects must be the same for the two cases, 
the N-S difference cannot be of atmospheric origin, but must arise externally. 

Since the amplitude of the first harmonic of the N—-S difference is comparable wit! 
(i.e. of the order of 30 per cent of) that of the diurnal variation itself, it would seem 
an improbable accident that the N—S difference and the diurnal variation itself should 
have quite different origins. Since the N-S difference cannot be of atmospheric 
origin, the diurnal variation itself probably is not. This conclusion is strongly con- 
firmed by the observation that the N-S difference and the diurnal variation both 


increase markedly during magnetic disturbances. 
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A quantitative explanation of the N-S difference has been given by ELLIoT and 

DOLBEAR, using as basis ALFVEN’S theory of the polarization of solar streams in the 
Sun’s general magnetic field. ELLior and DoLBEAR obtain good quantitative 
agreement with the observations of the equatorial magnetic field of the Sun is 8 gauss. 
This value is possible in relation to the other cosmic ray effects (latitude cut-off 
and day and night effect) which could depend on the solar field, but is, of course, 
larger than the present spectroscopically measured solar field of the order of a few 
gauss. Moreover, it would be premature to put much weight on a theory of the 
N-S difference of diurnal variation unless it can be shown to be capable also of 
explaining the diurnal variation itself—since both vary similarly with magnetically 
disturbed conditions. 

A very important clue, which may help in unravelling this tangle of conflicting 
experimental results and incomplete theories, is the recent discovery by ELLiot 
and THAMBYAHPILLAI that the N—S difference of the diurnal variation shows a very 
marked secular change over the 10 years for which measurements are available. 
This discovery led to a re-investigation of the data of the diurnal variation itself, 
since 1932, when the first measurements were made. It was found that the phase 
of the minimum was 1100 hr in 1932, gradually got later, reaching 1500 hr in 1942 
and has now, in 1952, gone back to 1200 hr. This result makes it probable that the 
N-S difference is undergoing a large secular change in amplitude with a period of the 
order of 20 years. Remembering ELLIoT’s and DoLBEAR’s tentative explanation of 
the N—S difference as due to the motion of solar streams in the Earth’s general mag 
netic field, one is immediately led to relate the secular change in the N-S difference 
of the diurnal variation of cosmic rays at the Earth in some way to the 22-year solar 
eycle. The relation might be through a change in the number and nature of the 
emitted solar streams (though here one would have rather expected to find the 
ll-year cycle) or in the magnetic field of the Sun itself. However, much more 
experimental and theoretical work is required before any firm conclusion can be 


reached.* 
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SECTION 9 


GEOPHYSICS 


‘Act first, this Earth, a stage so gloom’d with woe, 
You all but sicken at the shifting scenes. 

And vet be patient. Our Playwright may show 
In some fifth Act what this wild Drama means.”’ 


‘The Play’’, Lord Alfred TENNYSON (LSO9—-1892),. 


Non-seasonal Changes in the Earth’s Rotation 


Sirk Harotp SPENCER JONES 


Royal Greenwich Observatory, Herstmonceux, Sussex* 
SUMMARY 


The rotation of the Earth is subject to fluctuations which can be interpreted as the combined effect of a 
slow secular increase, caused by tidal friction in shallow seas, and frequent small random changes. A 
unique separation between these two effects is not possible. Estimation of the secular increase is made 
uncertain by the cumulative effect of the random changes. The Earth is subject also to an atmospheric 
accelerating couple, whose value is smaller than JEFFREYS’ estimate of the oceanic retarding couple 
The uncertainty of the latter is such, however, that the couples may be equal, the rotation of the Earth 
being held in synchronization with the atmospheric oscillation. The discordance between the observa 
tional ratio of the secular accelerations of Moon and Sun and the theoretical value derived by JEFFREYS 
is removed when the atmospheric accelerating couple is taken into consideration. 


THE rate of rotation of the Earth has been found to be slightly variable. The 
fundamental unit of time, the mean solar day (from which the second is derived) is, 
therefore, not constant. The variations in the length of the day are of three different 
types which arise from separate causes. The three types of variation are: 

(i) A slow secular increase. 

(ii) Irregular fluctuations, involving sometimes an increase and sometimes a 

decrease in length. 

(iii) Seasonal variations causing a persistent annual fluctuation, somewhat variable 

both in amplitude and phase. 

The first two of these variations were found from discordances between the 
observed and computed positions of the Moon, and have since been confirmed by 
observations of the Sun, Mercury, and Venus. If the theory of the motion of any of 
these bodies is complete and correct, there will be discordances if the length of the 
day is variable between the observed and computed positions, for the ephemerides 
are computed on the assumption that the day is uniform in length. These discor- 
dances, when expressed in mean longitude, will be greater for the Moon than for the 
Sun or planets, because the motion of the Moon in longitude is more rapid. The 
seasonal variations are of too short a period to be capable of detection in this way. 
They have been revealed through the high accuracy of modern precision clocks and 
particularly of the quartz crystal clock. Some of these clocks have proved to be 
more uniform timekeepers than the Earth for relatively short periods up to about a 
couple of years. The seasonal variations of the rotation of the Earth are not con- 
sidered in this paper, which is concerned only with variations of the first two types, 
which are not seasonal in character. 


1. SECULAR ACCELERATION OF THE Moon’s MOTION 


HALLEY (1695), from comparison between early and recent observations of eclipses, 
concluded that the motion of the Moon was being accelerated. This was confirmed by 
subsequent investigators, who found that a term in the mean longitude of the Moon 
of about 10” T? (7 being expressed in centuries) was required. EULER, LAGRANGE, 
and others attempted without success to account for this acceleration: eventually 
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LAPLACE (1788) announced that this acceleration of the Moon’s motion was a con- 
sequence of the secular decrease in the eccentricity of the Earth's orbit, arising from 
the perturbing action of the other planets on the Earth. LapLace obtained the value 
of 10°18 for the coefficient of 7 (generally called the secular acceleration of the 
Moon’s mean motion), in satisfactory agreement with observation. 

It was found, however, by J. C. Abas (1853) that the calculations of LAPLACE 
were incomplete and his revised value of the secular acceleration due to gravitational 
action was 5°70, little more than half the observed value. It was suggested by 
DELAUNAY that the residual portion might be attributable to an actual slowing down 
of the rate of rotation of the Earth by tidal friction. Kant, in 1754, had remarked 
that the action of the Moon in raising tides in the oceans on the Earth must have a 
secondary effect in a slight retardation of the rotation of the Earth. LAPLACE had 
considered this possibility when endeavouring to account for the secular acceleration 
of the Moon: he discarded It because, as he pointed out, if it were correct. accelera 
tions of the mean motions of the planets should also be observed, which was not the 
case. An acceleration of the mean motion of the Sun was at length discovered by 
COWELL in 1905 

The ancient observations of solar and lunar eclipses and of occultations were dis 
cussed very thoroughly by FoTHERINGHAM (1909, 1915, 1918, 1920) and the secular 
accelerations of the Sun and the Moon were derived. These determinations were 
revised by DE SITTER (1927), who gave as the best values for the accelerations 

1’780 + 0°16 for the Sun and 5722 + 0°30 for the Moon. The rate of slowing 
down of the Earth’s rotation needed to account for this secular acceleration of the 
Moon, if interpreted as the effect of tidal friction, requires a dissipation of energy at a 


rate of about 2 10° h.p. Neither viscosity nor turbulence in the oceans can account 
for such a high rate of dissipation ot energy. G. IL. TAYLOR (1919) pointed out that, 
since the rate of dissipation of energy is proportional to the cube of the tidal current. 
most of the dissipation must occur in the shallow seas, where there is a large rise and 
fall of tide. JEFFREYS (1920), using this suggestion, computed the rate of dissipation 
in all the shallow seas of the globe and obtained a total rate about SO per cent of the 
required rate: the agreement was much better than might have been expected in 


view of the large uncertainty of the data. 


2. IRREGULAR FLUCTUATIONS OF THE Moon’s Morion 


Before considering the theoretical interpretation of the observed secular accelera 
tions, it is desirable to turn to the second type of variation of the rotation, viz. the 
irregular fluctuations. NEWCOMB, in 1870, first called attention to fluctuations in 
the motion of the Moon, which could not be accounted for by HANSEN'S tables of the 
Moon. published in 1857. These fluctuations appeared to be either of long period or 
of an irregular nature. NEWCOMB (1878), after a detailed investigation, concluded 
that either Hansen's theory of the Moon was incomplete, some important terms 
having been omitted, or the rotation of the Earth on its axis was subject to irregular 
fluctuations. The major portion of the discordance was represented empirically by 
Newcomb by a term of long period, which became known as the Great Empirical 
Term. No theoretical explanation of this term could be found. There were, in 
addition, minor fluctuations that were too large to be attributed to errors of 
observation. 


Newcomb sought for evidence of similar fluctuations in the motions of the Sun and 
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planets, but did not succeed in establishing their reality. It was not until the com- 
pletion by E. W. Brown of his theory of the motion of the Moon that a sound 
theoretical basis was provided for the further investigation of the cause of the 
Huctuations. Browy, in his Tables of the Moon, included in the longitude of the Moon 
both the theoretical secular acceleration term arising from planetary action and also 
NEWCOMB’S Great Empirical Term, but not the term attributable to tidal friction. It 
is necessary to remove the empirical term and to add the term 522 7? for the tidal 
secular acceleration (adopting DE SITTER’S value), with consequent adjustment of the 
longitude at epoch and the mean motion. The difference between the observed 
longitude and the longitude according to BrRown’s Tables, as thus corrected, is 
defined as the fluctuation and is denoted by B. 

If it is assumed that the fluctuation is attributable to a change in the moment of 
inertia of the Earth, causing a change in its angular velocity since the angular 
momentum must remain constant, the corrections required by the longitudes of the 
Moon, Sun, and planets will be proportional to their mean motions. But this will 
not be so for a retardation of the Earth by tidal friction, since there is then inter- 
action between the Earth and Moon. The total angular momentum of the Earth 
Moon system must remain constant, but the ratio of the secular accelerations of the 
Sun and Moon cannot be calculated, for a detailed knowledge of the forces acting is 
not available. The effects on the longitudes of the planets, however, will be propor 
tional to their mean motions. 


3. ANALYSIS OF MODERN OBSERVATIONS 


SPENCER JONES (1939) showed that the corrections required by the longitude of 
the Sun (AL), of Mercury (AJl,), and of Venus (A/,) during the period from 1675 
onwards could be represented in the form 


where n, Ny %,, N, denote the mean motions of the Moon, Sun, Mercury, and Venus 
respectively. 

The secular acceleration of the Moon, as mentioned above, was adopted as + 5722. 
The value derived for the secular acceleration of the Sun was + 1723 + 0°04, 
which is not in agreement with the value derived by de Sitter from FOTHERINGHAM’S 
discussion of ancient eclipses, viz. + 1°80 + 0°16. 

It was pointed out by SPENCER JONES that it is not possible to make a unique 
separation between the secular acceleration term and the fluctuation term. The 
quantity B has been defined somewhat arbitrarily in such a way that the extreme 


positive and negative values since 1675 are about equal. Ifthe adopted value of the 


secular acceleration of the Moon is changed to 5722 + s, then 6 must be replaced 
by a quantity 6!, defined by 
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where S T? 1-37’ — 0-3. The quantity S has zero values at 1750 and 1920 and 
is introduced instead of 7 in order to secure agreement with modern observations. 
The secular acceleration of the Sun thus becomes (c ngs n), Which is equal to 


1723 (O-O747)s. 

The effects of tidal friction will vary with changes in mean sea level, and it may be 
supposed that the effects of tidal friction on the secular accelerations of the Moon 
and Sun remain in a constant ratio. In that case. the ratio of the secular accelerations 
during the past 2000 years would agree with the ratio of the values inferred from 
modern observations We then obtain 


1-8O + 0-16 (1-23 + 0-04) 0-O747s 
5-2? + 0-30 5-2? S 
giving s 2-1] + 0-57. The values for the secular accelerations from modern 


observations would then become 
For the Moon 3 1 | + () 57 {p.e.) 
For the Sun 1°07 + 0°06 (p.e. 


t. THEORETICAL RATIO OF SECULAR ACCELERATIONS OF MOON AND SUN 


JEFFREYS (1929) has derived the following expression fo! the ratio of the secular 


acceleration of the Moon. Vv. TO th it of the Sun. 


‘0 


} 
0 


in which « denotes the ratio of the orbital angular momentum of the Moon to the 


rotational angular momentum of the Earth (the present value being 4-82): NV, 
N, denote the magnitudes of the retarding couples acting on the Earth due to the 


lunar and solar tides respectively: m, m) are the mean motions in longitude of the 
Moon and Sun respectively nn 13-4). It is not possible to determine the ratio 
VN, theoretically. On the assumption that tidal friction follows a linear law, 
JEFFREYS obtained the value 5-1. But tidal friction is mainly a skin effect, propor 
tional to the square of the velocity of the tidal current: for this case Jeffreys obtained 
the value 3-4. The values of 9) corresponding to these two values of iV Ns are 


0 
6-4 and 6-9 respectively. If VV, tends to infinity, so that all the friction is in the 
lunar tides, vy vy has the value 5-0, which is the minimum possible theoretical ratio. 
The ratios of the secular accelerations of the Sun and Moon found by FOTHERINGHAM 
and DE SITTER from the ancient eclipses, and the two alternative determinations by 
SPENCER JONES from the more modern observations are all smaller than 5-0. The 
theory, as developed by JEFFREYS, is consequently not in agreement with observation. 

To avoid this difficulty, UREy (1951) abandoned the assumption that the moment 
of inertia of the Earth about its axis of rotation, C, is constant. If there is a secular 


change in the moment of inertia, JEFFREYS formula for » », must be changed to the 


following: 


3 NV K 
NV NV 


dC' dt 


For any likely values of » vy and of .V V,, it is then found that dC dt must have a 


negative value. In other words, the moment of inertia of the Earth is decreasing; 
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the consequent decrease in the length of the day is about half the observed rate of 
increase since the early eclipse observations. The decrease in the moment of inertia 
is attributed by Urey to the continuous formation of an iron-nickel core, which 


sinks towards the centre as it is formed. 


5. RANDOM VARIATIONS IN THE ROTATION OF THE EARTH 
The irregular changes in the rate of rotation of the Earth appear at first sight 
from an examination of the curve of the fluctuations, to have occurred rather sud- 
denly. But the observations are not sufficiently precise to distinguish between 
sudden changes and changes that are spread over two or three years. The precision 
of modern quartz clocks may be expected eventually to give more detailed informa- 
tion about the manner in which the changes occur, but since such clocks came into 
use in observatories as standards of time there has not been any large change in the 
rate of rotation. The similarity in nature between the time errors of the Earth and 
those of precision pendulum clocks was remarked by SPENCER JONES (1950). Com- 
parison between free-pendulum and quartz clocks showed that the irregular wander 
ing of the pendulum clocks is due to the integrated effect of small random changes 
of rate. He therefore suggested that the fluctuations in the time-keeping of the 
Earth might be due to small random changes in the rate of its rotation. 

The same suggestion was made subsequently and independently by Brouwer 
(1952a, b), who showed that on this assumption the mean error of the fluctuation in 
the EKarth’s rotation should increase with time proportionally to 7” *, measured from 
the present epoch. The principal uncertainty in old observations of the Moon would 
then be due to the cumulative effect of the random changes in the Earth’s rotation in 
stead of to the errors of observation. The precision with which the secular accelerations 
of the Moon and Sun can be determined is consequently much reduced. BROUWER 
made a discussion of the old observations of the Moon on this hypothesis and derived 
values for the secular accelerations. VAN WOERKOM (1953) has discussed the general 


statistical properties of cumulative series of random numbers and has applied the 


method of variate analysis to the annual values of the observed fluctuations in the 
Moon’s mean longitude. He confirms the hypothesis that the observed changes in 
the Earth’s rotation are due primarily to cumulative random changes but finds that 
BROUWER’S assigned mean errors should be increased by a factor of 2-5. BROUWER’sS 


values of the secular accelerations with the mean errors increased in this way are: 
For the Moon > 279 2. OS fimice.). 


For the Sun L. 1701 + 0770 (mie.). 


6. ATMOSPHERIC ACCELERATING COUPLE 
These mean errors are so considerable that the secular accelerations cannot be 
said to be inconsistent, on the one hand, with a ratio greater than JEFFREYS’ mini- 
mum value of 5-0 or, on the other hand, with the hypothesis that they are zero. This 
latter possibility arises from a consideration, hitherto overlooked, to which Hotm- 
BERG (1952) has drawn attention. Lord KELVIN (1882) had noted the close agreement 
between the period of rotation of the Earth and a natural period of vibration of the 
atmosphere, which he suggested might provide an explanation of the large amplitude 
of the semi-diurnal barometric variation. More recently the investigation of the 
diurnal variation of the Earth’s magnetic field has shown that this resonance must 


Non-seasonal changes in the Earth’s rotation 


be very sharp, so that the rotational period and the natural vibrational period must 
be equal within a few minutes of time. KELVIN pointed out that the phase of the 
semi-diurnal atmospheric tide is such that the gravitational attraction of the Sun 
on the atmospheric tidal bulges exerts an accelerating couple on the Earth. Houm- 
BERG has suggested that the coincidence between the two periods may not be fortui 
tous, that the Earth has been slowed down by tidal friction until there was resonance 
between the two periods, and that this condition may persist, so that no further 
slowing down would occur. The accelerating couple can be calculated with consider- 
able accuracy, and is found to work at a rate of 2-7 10'S ergs per sec.; the tidal 
retarding couple, according to JEFFREYS calculations, works at a rate of I-1 Lol 
ergs per sec. Though the latter figure is admittedly very uncertain, the retarding 
couple would seem to be somewhat the greater at the present time: the possibility 
that the two couples may be closely equal can nevertheless not be entirely excluded. 
On the other hand, because of secular changes of level in the shallow seas—where 
the tidal dissipation of energy mainly occurs—the oceanic couple may fluctuate rather 
widely within times that are short geologically and astronomically, yet statistical 


equilibrium between the oceanic and atmospheric couples may be maintained. It is 


much to be hoped that data can be provided which will enable the oceanic retarding 
couple to be computed with as good an accuracy as the atmospheric accelerating 
couple. 

If it should prove that the oceanic retarding couple is in fact greater than the 
atmospheric accelerating couple, the Earth's rotation would be progressively further 
slowed down and the present resonance would be lost. We should then have to 
suppose that it is fortuitous that at the present epoch this resonance exists. The 
solar atmospheric accelerating couple needs in any case, however, to be taken into 
account, and it provides a possibility of bringing the theoretical and observed values 
of the ratio of the secular accelerations of the Moon and Sun into agreement. It 
becomes necessary to replace .V, by (.V,’ — .V,"), where .V,’ denotes the solar oceanic 
retarding couple and .V,” the solar atmospheric accelerating couple. We should then 
have, by using JEFFREYS calculated ratio of the lunar and solar oceanic couples for 
the case in which tidal friction is proportional to the square of the velocity, 
N/N,’ 3:4. We write 


so that 4 denotes the ratio between the accelerating couple and the total retarding 
couple. 
JEFFREYS formula for vv, becomes 


With x 4-82, nm 1 13-4, and .V/N,’ 3-4, 


0 
30-69 59-04 
4-40 — 4-4) 
If A has the value 0-4, » », has the value 2-7, which is in satisfactorily close agree- 


ment with the values deduced from observation. Corresponding to the accelerating 
atmospheric couple working at the rate of 2-7 10!* ergs per sec., this value of 4 
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would require a retarding oceanic couple working at the rate of 0-7 « 10! ergs per 
sec., which is well within the limit of uncertainty of the estimate made by JEFFREYS. 


7. INTERPRETATION OF DATA 

It will be seen from this discussion that the secular slowing down and the irregular 
Huctuation of the Earth’s rotation cannot be uniquely separated from each other. 
The secular slowing down is the consequence of the excess (if any) of the tidal oceanic 
retarding couple over the tidal atmospheric accelerating couple. The estimation of 
the oceanic couple is much more difficult than that of the atmospheric couple; if the 
oceanic couple could be more accurately determined the secular slowing down of 
the rotation could be reasonably well inferred and so separated from the irregular 
Huctuations. Any change in sea level will change both the oceanic retarding couple 
and also the Earth’s moment of inertia; both changes will have an effect on the rate 
of rotation. W. H. Munk and R. R. REVELLE (1952) have estimated that the secular 
decrease in the moment of inertia required by Urry could be caused by a lowering of 
sea level at the rate of 10 cm per century. Any change in sea level will be associated 
with a tilting of the instantaneous axis of rotation, because of the asymmetrical 
distribution of land and sea. If the changes in sea level are produced by a growth or 
melting of the ice-caps over Greenland and Antarctica, the amount of tilt will be 
greatest, for a given change in sea level, if the effect is confined to Greenland. The 
astronomical evidence of the movements of the poles is not inconsistent with the 
required changes. During the past century there has been a shrinkage of glaciers and 
a rise in sea level, estimated to be at least 5cem. Other causes may contribute to 
bring about changes in mean sea level, such as movement of the sea bottom or a 
slight change in temperature of the oceans. 

The cause or causes of the irregular fluctuations in the rate of rotation remain, 
however, obscure. There have been times when the length of the day has changed, 
certainly within the course of a couple of years, by as much as 5 msec. Such changes 
appear to be too great to be explained by any surface phenomena, particularly as 
they have not been associated with changes in the position of the mean pole. An 
expansion of the Earth as a whole, such that its radius increased by 6 in., would 
increase the length of the day by 5 msec. Such a rapid rate of change could certainly 
not be attributed to changes in sea level or in the temperature of the oceans. Attempts 
have been made to correlate the fluctuations in the rate of rotation with the fre- 


quency of occurrence of earthquakes and with secular changes in the Earth’s mag- 


netic field. No significant correlations have yet been established. 
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|. THE work to be summarized in this short monograph has been made possible by 
progress in the construction and comparison of time-keepers. 

In the past clocks were used essentially to facilitate interpolation in the astro- 
nomical time-scale; the latter is based, as is well-known, on observations of the 
relative positions of stars, and of terrestrial frames of reference. 

The various time-standards that are in use in the world at present enable a com 
parison to be made over periods of some months between a sufficiently uniform 
physical or instrumental time-scale and the astronomical time-scale. 

A considerable and perhaps decisive part in this respect has been played by the 
quartz clocks, which were invented before 1940 and have been constantly improved 
since then. Their uniform rate, the accuracy with which they can be read, and the 


advantages which they offer for intercomparison purposes, have made it possible to 


compare the concordant readings of these time-standards with those of the Earth 
considered as a clock. 


2. The “Earth clock’, which never ceases to work, is still vital and fundamental for 
the needs of science and of human society. However, it is known that the time-scale 
which it defines is not completely uniform; it has been shown in the work of Brown, 
INNES, DE SITTER, FOTHERINGHAM, and Sir HAROLD SPENCER JONES that the planets 
and the Moon simultaneously appear to be in advance or in arrear of the calculated 
ephemerides of their orbits if the epochs are measured on the astronomical time-scale. 
For this reason the existence of long-period irregularities in the rotation of the Earth 
must be admitted (Fig. 1). An improvement in the performance of the time-keepers 
has made possible the further discovery of seasonal fluctuations in the Earth’s 
rotation. Such fluctuations appear in the concordant results of several investigators: 
SToYKO, FINCH, SCHEIBE and ADELSBERGER, SCHEIBE and UHINK, PAVEL and 
UHINK (see references [1]). It appears that N. SroyKo was the first to establish their 
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reality beyond doubt (see Fig. 2, and also Fig. 3, which illustrates the various 
manifestations of seasonal fluctuations revealed in the rotation of the Earth). 
3. It is now known that these fluctuations vary in amplitude and phase; the ampli 
tude may be of the order of a thousandth of a second of time per day; it may also be 
zero; the sign of the variation may remain the same for periods of the order of six 
months; phase displacements of the order of two months are not uncommon. 


1. _l — iO 
1950 


Representation of the rotational velocity of the Earth for the period 1830-1950 
After N. SToyKo 


T A S$ Oo N D 

Fig. 2. Clocks: deviations from the mean rate 
calculated curve for the period 1934-37 
calculated curve for the period 1946-47 


After N. SroyKo, Bull. Acad. Roy. Belgique Cl. Sci., Juillet, 1949 


In short, the indications are all of a seasonal rather than of a periodic phenomenon. 
It is thus reasonable to suppose that these fluctuations are due to events occurring 
on the Earth itself; several effects of various orders of magnitude are probably 


superposed to produce the observed fluctuations in the planetary time-scale. Hence 


the first question that has arisen is: which of these elementary phenomena, the 
totality of which produces an observable effect on the rotation of the Earth, have the 


largest impact on this rotation / 


4. VAN DEN DuNGEN, Cox, and VAN MIEGHEM (1949) have inquired whether a 
variation of approximately annual period in the moment of inertia of the Earth, 
caused by seasonal changes in the distribution of atmospheric air masses, could be 
translated on the planetary time-scale into fluctuations in the rotational speed of the 
Earth such as were observed by StoykKo. Using the climatic charts of NAPIER SHAW 
for the Northern Hemisphere, they were able to show that, indeed, the displacement 
of these air masses has to be taken into account. According to their view, these 
displacements are able to account for a fraction of 15-20 per cent of the amplitude 
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of the observed fluctuations; one obtains their phases, and the annual displace 
ments can be explained. 

These authors, whose work can be viewed in conjunction with that of ScHWEYDAR 
and SPITALER (see references |2]|), have also studied the effect of seasonal displace 
ments of atmospheric masses on the position of the Earth’s instantaneous axis of 
rotation with respect to the Earth itself. Their first results are in satisfactory agree 
ment with the observations; this work has been continued, particularly by theit 
pupils (references |3}). 

They considered these calculations as a rather rough approximation, giving the 
outlines of the problem, and went on to study the effect on the Earth’s rotation of 
changes in the momentum of relative motion between the atmosphere and the Earth. 

In May, 1950, they accounted for the order of magnitude and the behaviour of the 
Huctuations discovered by Stoyko and FINcH with the aid of quartz- and pendulum- 
clocks on the basis of the following considerations. 

The angular momentum of the system consisting of the atmosphere and the globe 
of the Earth (lithosphere and hydrosphere) is constant. 

Let WM, be the angular momentum of the atmosphere, V7, that of the Earth; then 


M, M. constant, castle) 


furthermore, 


7» 2 


| | | pr COS A(mr COs dh 
| 


where p the specific gravity of the air, 
the radius vector from the centre of the globe, 
the latitude, 
the instantaneous velocity of rotation of the Earth, 
the west-east component of the wind-velocity, and 
OV an elementary volume of the atmosphere. 
It should be mentioned, incidentally, that by putting »v, 0 one is reduced to the 
special case where only the variations in the moment of inertia of the Earth are taken 
into account. 


Furthermore, VAN MIEGHEM (1950) has shown that 


aM, 
ai 


.¢ 


Yr cos 6 . 0» Py )r COs dh. Ooo. 


where 7, represents the east-west component of the frictional force between the 
Earth’s surface and the adjacent layer of air per unit area (the positive normal being 
directed towards the centre of the Earth); & represents the total surface of the globe: 


Py» and py are the atmospheric pressures East and West of mountains situated 


along the same parallel; o is the surface limited by the contour derived from a parallel 
projection on a meridian plane of the lines joining mountain tops. 
Further, it is clear that 
OM, . oM, 
VY Vt 


4 c 
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If the globe is considered as a solid body (7.¢., @ and dw/dat identical for each point 


at a given instant), one may write 


being the moment of inertia of the globe. 

In this way, by substituting (3) and (5) in (4), one obtains the value of d@/df. 

This formula is remarkably suitable for use with tables published by V. P. STaRR 
and his collaborators, with whom there has been a very cordial temporary informal 


collaboration (see references | 4}). 


Fig. 4 Values of dm @ 
Normal values, at the beginning and middle of the mon After N. STOYKO, 
195] 
Calculated values, obtained 
relative west-motion) between the 


from seasonal exchanges of momentum (in the 
Earth and the terrestrial atmosphere, 
ompensation of these exchanges through 


using the hypothesis of a complete ¢ 
After F. H. vAN DEN DUNGEN, 


the Earth's rotation by the end of the year 
J. F. Cox, and J. vAN MIEGHEM, 1950 
Values according to W. H. Munk and R. L. MILLER (1950 


VAN DEN DUNGEN. Cox. and VAN MIEGHEM have thus been able to show that the 


seasonal fluctuations in the Earth’s rotation may be attributed in the first instance 


to seasonal exchanges of momentum between the atmosphere and the globe. 


Munk and MILLER reached a similar conclusion independently in May, 1950. 


5. 
Using the aerological data available to-day, MUNK and MILLER have calculated 


the angular momenta of the atmosphere, with the aid of a formula identical with 
of the preceding paragraph, for the months January and July; but 


equation (2) 
they have adopted a treatment of the meteorological data very different from that 


of VAN DEN DunceEn. Cox. and VAN MIEGHEM. From the difference between the 
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angular momenta for these two months they have deduced an amplitude for the 
annular variation in the Earth’s rotation in agreement with observation. 

The above discussion is inevitably schematic and incomplete; reference to 
numerous papers mentioned in our bibliography [5] is recommended, which cover 
the period up to 1953, the date of completion of this paper. 


6. The results obtained are of interest in geophysics as much as in astronomy. They 
permit the seasonal fluctuation in the Earth’s rotation to be considered as an 
integrated effect of thermal circulation in the atmosphere. The semi-annual term 
introduced by certain authors into their formulae appears to result from phase 
discrepancies in the mean representation. 

Conversely, starting from the fluctuations in the Earth’s rotation, as the given 
data, one may try to make deductions concerning the dynamics of the atmosphere 
(references [6]). 

Finally, new horizons are suggested by the use of the planetary time-scale in the 
study of the effects of geophysical phenomena. Various authors have considered the 
problem discussed here, from the point of view of progress in scientific thought and 
of the history of science, as an aspect of the return to the unity of science (references 
|7]). 

Be that as it may, fundamental astronomy no longer treats the Earth as a perfectly 
solid body; it is approaching more and more closely towards geophysics. 

Much work has also been done in the search for correlation between the fluctuations 
in the Earth’s rotation, the variation of latitude, and the frequency of certain seismic 


or magnetic phenomena (references [8}). 


7. The fundamental systems of units in physics and mechanics, which as is well 
known are very different, have so far been in agreement as far as time is concerned. 

The consideration of a fictitious moving body called the ““Mean Sun’, which is a 
geometrical point moving at uniform speed along the celestial equator, and which has 
hitherto been used to define a uniform time-scale (Mean Time) has lost its relevance, 
since it implicitly assumed that the Earth’s rotation was uniform. 

Nowadays the following terminology is employed: a uniform time-scale, desig- 
nated by “Ephemeris Time” is related to the gravitational theory of planetary 
motions (¢ being the independent variable in the equations of celestial mechanics). 
The time-scale based on the Earth’s rotation, and affected by all of its irregularities, 
is called ‘‘astronomical time’. It was once thought possible to introduce a quasi- 
uniform time-scale (astronomical time corrected for the mean fluctuations in the 
Earth’s rotation), but the present results concerning the well-marked variations in 
amplitude and phase of the individual fluctuations show that this attempt is pointless. 

It thus appears very important to use (references [9]) the new techniques of 
physics in the production not only of extremely precise frequency-standards, but also 
of time-standards with a long-term stability greatly superior to the short-term stability 


of quartz clocks. 
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The Thickness of the Continents 


LOBERT STONELEY 
De partment of Geodesy and Geophysi s, Cambridge 


SUMMARY 

The continents are distinguished from the oceanic basins not only by a difference of elevation, but by a 

difference of composition and structure. The evidence is partly from seismology, partly from observa 

tions of gravity, and partly from measurements of thermal gradients at the surface. The information 

about the Eurasian continent is at present more closely co-ordinated than for the rest of the world. 
Below the continents and the ocean floors there seems to be ultrabasic rock (in which the velocity of 

sound is 8-1 km per sec.) extending to a great depth. The Atlantic floor, where explored seismically, 


l 


onsists probably of 1 km of sediments resting on some 6 km of basic ro¢ The continent of Eurasia is 


not of uniform thickness; below the comparatively thin laver of sedimentary rocks there appears to be 


of granitic rock underlain by 8 km of basic rock, in which the respective velocities of sound are 
id 5-4 km per sec. It is, however, by no means established that the basic layer exists in all parts of 


ontinent; bi ie average total thickness of Eurasia is about 33 km The evidence for these state 


ments is mainly seismological, with some g 


reneral support from thermal and gravity data. The North 
American continent seems to be somewhat thicker, perhaps 36-40 km. The estimated thickness in the 
Transvaal is 38 or 34 km according as the existence of a basic layer below the granite is, or is not, postulated 

\ little evidence about the layering of Europe is forthcoming from the transmission of direct current 
through the ground. Many more studies, preferably using seismic, gravimetric, and thermal techniques 


closely co-ordinated, are needed before any considerable advance may be expected 


|. THE DEFINITION OF A CONTINENT 
BEFORE any attempt is made to discuss what for brevity will be referred to as “the 
thickness of the continents’, some preliminary remarks are needed in clarification 
of the use of the word “‘continent”’ in a specialized connotation. 

In the ordinary meaning of the word, the continents as shown on a terrestrial 
globe are natural and convenient units of the land-masses that occupy about one- 
quarter of the surface of the globe. These land-masses appear as a small number of 
large portions of land, confined largely to one hemisphere, rather than as a large 
number of islands of wide range of size; thus the individual existence of the con- 
tinents is a self-evident feature of the world. A geological survey of the globe, how- 
ever, indicates that a continent is not merely a large region that happens to be 
higher than the level of the ocean; granitic rocks, composed of a mixture of felspar, 


quartz, and relatively small amounts of ferromagnesian materials, occur frequently 


on land-masses, often constituting large plateaux (‘shields’) as in Canada and 
Africa, while of the sedimentary rocks, the sandstones and clays (including slates and 
shales) correspond respectively to the quartz and felspar of granite. Leaving aside 
the disputed question whether granites arose through metamorphosis of sedimentary 
rocks or whether the sedimentary rocks arose from the decomposition of granitic 
(among other) plutonic rocks, granites may broadly be considered as associated with 


continents. In sharp contrast, while a detailed survey of the composition of the 
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ocean floors is not practicable for the field geologist, it is noteworthy that granites 
are, in general, absent from oceanic islands; indeed, recent seismic work in the 
Atlantic Ocean indicates the complete absence of granitic material from most of the 
Atlantic floor. 

Other considerations show that the mountains and deeps are not the mere surface 
irregularities of a globe whose outer surface is, in the large, made of just one type of 
material. It was found by Archdeacon J. H. Prarr, of Gonville and Caius College. 
Cambridge (1855), that the Himalayas, instead of exerting on a plumb-bob a hori- 
zontal pull of the calculated order of magnitude, appear prima facie to have a 
decidedly smaller attraction. The explanation seems to be that below the mountains 
there is matter relatively lighter than that below the plains. The measurement of 
gravity over the oceans shows that, except in certain special localities, the matter 
below the oceans must be relatively denser than under elevated parts of the con- 
tinents, so that, approximately, the mass in a column of unit area above a certain 
level in the crust of the Earth is the same at all parts of the world. 

These rough generalizations indicate an essential difference between continent and 
ocean. Confirmation is found in the different speeds of propagation of earthquake 
waves across the oceans and the continents. Some recent measurements of heat flow 
through the Atlantic floor give further support to this distinction. The improbably 
large strength of the crustal material that would be needed to support mountain 
ranges, without any compensating deficiency of density below, points in the same 
direction. 

The quantitative data on which some inferences concerning the structure and 
composition of the continents can be made are derived chiefly from the studies 
of earthquakes (including large explosions), heat flow, and gravity. The indications 
are by no means as precise as might be hoped, but an intercomparison helps to 
show along what lines further investigations can profitably be made. 


2. THE SEISMOLOGICAL EVIDENCE 
The foci of the majority of earthquakes are within some 20 km of the surface. 


A. Monorovicicé (1909) found that in the records of a near earthquake that occurred 
in the Kulpatal a prominent onset (P, now called by JEFFREYS Pg) followed the 


first arrival P; correspondingly he observed S following S. He inferred that P and S 


travelled in a continental layer, while P and S were waves refracted into a lower 
medium, in which they travelled faster than in the layer, and were subsequently 
refracted up to the observing station; at short distances, indeed, P and S were 
observed and not P and 8. These conclusions were fully endorsed by many studies 
of continental earthquakes and V. Conrap (1925) discovered a wave P* that 
appeared to travel in a layer between that of P (which we will now call Pg) and P: 
the corresponding S* was identified by H. JEFFREYS (1926) in two earthquakes, 
one of which happened in Jersey and the other in Hereford. 

In such a “near earthquake” the graphs of arrival times (¢) against distance (A) 
travelled up to about 600 km are straight lines; from their slopes and the constant 
terms in the corresponding (¢, A) formulae one can infer the thickness of the layers 
and the velocities in them. The technique is that now used in geophysical prospecting. 
JEFFREYS found, for instance, the velocities given in the accompanying table, p. 844. 

The estimated thickness of the granitic and intermediate layers are 10 km and 
20 km respectively. 


thickness of the continents 


The 


Jerse y and He reford Earthquake 8 
Velocity 


Wave (km per sec. ) 
P ; 7:8 
e 6°3 
Pg , : : a4 
Ss 1-35 
»’ a 
ss 535 


Without attempting a critical discussion, and omitting reference to the sedi- 
mentary rocks, it seems permissible to identify the upper (Pg), intermediate (P*), 
and lower (P or Pn) materials as granitic, basic and ultrabasiec respectively, in 
accordance with the known range of density and elastic properties of these types 
of rocks. 

Thus far, the picture is a simple one. It proves indeed to be a gross over-simplifi 
cation, for the approximate isostatic equilibrium of the continents implies con- 
siderable variations in thickness of layering from region to region. Nor is the picture 
the same for other parts of the world. For Japanese earthquakes quoted in the 
International Se ismological Summary, P* and S* occur much more plentifully than 
Pg and Sg, and the results of the second I[sibuti explosion indicate a layer with 
P velocity about 6-0 km per sec. beneath the sedimentary layers. In California the 
P* of European shocks is replaced by Pm (7-0 km per sec.) and Py (6-2 km per sec.), 
according to a recent study by RicHTEeR and NorpDQuIST (1951). A discussion by 
GUTENBERG (1951) of the data of explosions and earthquakes indicates a layering in 
which the P-velocity in the upper 5 km is about 5:8 km per sec., and below this 
6-8—6-9 km per sec. Below a depth of 16 km the velocity diminishes down to 28 km, 
where the velocity of P-waves increases suddenly to 7-1 km per sec.; this speed is 
maintained down to the Mohorovici¢ discontinuity at 35 km depth. 

In New Zealand the compressional (P) wave velocities found are roughly 5-3, 5-9, 
6-3, and 8-1 km per sec. There is world-wide confirmation of the velocity 8-1 km per 
sec. for Pn in the part of the rocky ‘“‘mantle” immediately below the Mohorovi¢i¢ 
discontinuity, which may be taken as the lower boundary of the continents. 

Even within Europe, however, there is a striking lack of concurrence in the findings 
of seismology. In discussing the seismic observations made at the time of the 
Heligoland explosion (18th April, 1947) P. L. Wit~mMore (1949) found no certain 
indication of a P* layer, nor was the interpretation of the supposed Pg unequivocal, 
inasmuch as the velocity derived from observations at near stations was about 
6 kia per sec., whereas for distant stations the velocity varied from 4-9 km per sec. 
to 5-5 km per sec. Taking into account the thickness of the sedimentary rocks, 
WILLMORE found in all a probable total thickness of 27-4 or 29-6 km for the continental 
layers according to the distribution of velocity in the upper layers. In contrast, 
when the records of the explosions at Haslach, in the Black Forest, were discussed 
by RorkE and PETERSCHMITT (1950), they considered the basalt layer to be well- 
defined, with clear reflections from the upper part of this layer, and they obtained 
thicknesses 20 km and 10 km for the granitic and basaltic layers. The granitic 
layer had an upper 2-4km with compressional-wave velocity 5-63 km per sec., 


p+ 


and a lower sheet, of thickness 17-7 km, with velocity 5-97 km per sec.; was 
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6-54 km per sec. Much the same conclusions were reached in an examination of the 
data by Reicu, SCHULZE, and FOrtscH (1948). The conclusion seems irresistible 
that there is a wide regional variation within a continent of the thicknesses (and 
perhaps the composition) of the continental layers. The evidence from North 
America gives a similar indication. 

The surface waves of earthquakes are of two kinds, Rayleigh waves and Love 
waves; the former are dispersive except on the surface of a homogeneous medium, 
while the latter exist only when there is some change of properties with depth, and 
are always dispersive. The long wave phase of seismograms gives the dependence 
of group velocity on period. The practical procedure is to assume a type of con- 
tinental structure and calculate the group velocity for various wave periods; for a 
single layer, using the elastic constants inferred from near earthquakes (combined 
with likely values of the densities), the thickness needed to account for the observed 
relation between group velocity and period can be found. For a two-layer continent the 
ratio 7’, : T, of the thickness of the granitic layer to that of the intermediate layer 
must be assumed. For instance, the observed velocity of Love-waves across Eurasia 
gives the relation 27’, + 7, = 65 km with fair consistency for periods from 30 sec. 
to 60 sec. (STONELEY, 1948). The calculations for Rayleigh waves in a double layer 
are much more intricate, but give much the same relation (STONELEY, 1953). A fur- 
ther relation 7, + 0-857, = 30-4 + 1-3 km was obtained by JEFFREYS (1952) from a 
study of Japanese deep-focus earthquakes; the two equations taken together, without 
any other evidence, would indicate that the intermediate layer is negligibly small, a 
condition difficult to accept with any confidence. JEFFREYS, in a recent rediscussion 
of near earthquakes (JEFFREYS, 1952) found that the constant terms in the travel- 
time formulae for Pg and P in near earthquakes and in the Burton-on-Trent explosion 
were in all cases practically the same, and equal to 8-7 + 0-7 see. The inference is 
that the foci of all these near earthquakes were in the sedimentary layer; if this is 
so, the usual formula (familiar in seismic prospecting) for the delay in transmission 
of P on account of its downward and upward passage through the layers gives, with 
velocities 5-60, 6:50, 8:09 km per sec. for Pg, P*, P, respectively, the equation 
0-2587, + 0-1847, = 8-7 + 0-7. Further he finds from a comparison of the constant 
terms in the travel time formulae for Pg and P*, again on the hypothesis of a focus 
at or near the surface, the value 7’, = 23-7 + 2:-5km. From a least squares solution 
of these four equations he finds (p. 110) the values 7’, = 25-1 + 24km, 7, 

6-7 + 3:3km. He has, however, apparently misquoted my solution as 27’, 

60 + 6km. On reworking the least squares solution, but using 27’, 

65:5 + 6 km, I find 


T, = 2534+3-2km, 7, = 7-2 + 45 km. 


The new O-C residuals are not very different except in the surface wave equation, 
when 3:1 km is replaced by 7:7 km, and the corresponding contribution to 7? is much 
larger (1-6 in place of 0-2). 

There would be, then, a marked improvement if the value of 27', + 7’, were 
reduced to 60 km or rather less. Now the near earthquake data refer to Europe 


mainly, whereas the surface wave equation refers to the Eurasian continent, and, as 
shown in a later section, it may be appropriate to diminish the thickness of the granitic 
layer by perhaps 5 km in order to allow for the general height of Central Asia. Such 
a reduction would give for surface waves 27, + 7, = 55 km. If now we take the 
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least squares solution corresponding to the three equations for near earthquakes and 
for Japanese deep-focus shocks the result is 7’, 24:2 1-8 km, 7’, 8-0 + 2-4 km. 
These values give 27’, 7, = 56-4km. Thus, the suggested correction to the sur- 
face wave equation, made on isostatic grounds (admittedly very precariously), 
brings the four equations into fair accordance. The purely seismological evidence, 
then, suggests for Europe a granitic layer some 24 km thick, underlain by a basaltic 
layer 8 km thick, a total thickness of 32 km, in fair agreement with the indications 
of the Heligoland and Haslach explosions. The sedimentary layer, in effect, is mainly 
included in this estimate. The seismological data indicate that there may be con- 
siderable variation from region to region in the thickness of the continental sheets. 

Thus far, consideration has been given mainly to the layering of Eurasia, partly 
because Europe has a close network of stations suitable for recording near earth- 
quakes and partly because Eurasia permits of the discussion of a long path for surface 
waves with an easterly azimuth of arrival. For North America the compressional 
wave velocity in the layer immediately below the sedimentary layer is 6-0—6-1 km per 
sec. (as in the explosion data for Europe), with a thickness of 36 km to 40 km down to 
the Mohorovicic discontinuity. More special studies of earthquakes and explosions 
are desirable: it looks, however, as if the continental layers in North America may be 
somewhat thicker than in Europe, but the significance of the apparent difference 
The work of WiLLMORE, HALES, and GANE (1952) on rock-bursts in 


needs testing. 
layer is introduced 


the Transvaal gives a thickness of 38 or 34 km according as P 


or not into the discussion. 


3. THE THERMAL EVIDENCE 


The product of the vertical temperature gradient and the thermal conductivity at 
Provided that both quantities are 


any place gives the rate of outflow of heat. 
measured for the same specimen (a procedure that has been adopted only in recent 
years), it is found that despite a wide range of conductivity any one borehole can be 
shown to yield a consistent rate of flow for all depths. Further, the variation from 
region to region is not great. I am greatly indebted to Sir E>warp BULLARD for a list 
of average rates of flow of heat (calories per cm*-sec.). The mean values, in units 
of 10-*, are: 


No. of bore hole 8 Mean flow 


South Africa . 7 
Persia Ls 
U.S.A. . i) 
Canada . 1] 
Europe . 14 


with a general mean 1-23 10-® cal per cm?-sec. 
It was shown by Lord KELVIN that the Helmholtz theory of the development of 
heat by the shrinkage of the Earth under gravity would permit only of a lapse of some 
The 
3000 million years that several convergent lines of evidence indicate seem explainable 
only on the assumption that the heat output is maintained in the main by the dis- 
During the last thirty years or so there have 


ninety million years since the continents and ocean floors became solid. 


integration of radioactive elements. 
been widely discrepant estimates of the heat evolved during the disintegration of 
radium, thorium, and potassium; there is likewise a wide range of variation in the 
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radioactive contents of granites and basalts. A critical discussion of the heats evolved 
has been given by BULLARD (1942), and JEFFREYS has made a statistical examination 
of the radioactivities of granites and basalts (JEFFREYS, 1952). Sir Eowarp BULLARD 
informs me that reasonable average values for the heat generated by granites, basalts, 
and ultrabasic rocks are respectively tis: Ld> 64) 10-14 eal per cm?’-sec., and that 
the net outflow attributable to the mantle and to “‘original heat”’ per square centi- 
metre of the earth’s surface are 0-1 10-8 and 0:3 LO-® cal per sec. JEFFREYS 
gives, however, values for the heat generation by Alpine and Finnish granites that 
are three times that given above, which is about that of granites in Greenland. 
Iceland, Scotland, Ireland, and Japan. 

On these figures the rate of outflow due to 24 km of granite and 8 km of basalt 
would be 1-9 10~® cal per cm?-sec., which happens to agree with the mean quoted 


for Europe. The close agreement, however, must be fortuitous, since the value for 


b 


Europe is merely the mean of the maximum and minimum likely values, 2-87 LO 


and 0-71 l0-®. If the granite in Europe were 35 km thick the calculated outflow 
would be about 2-3 10~®, which is less than the maximum just quoted. It is clear 
then that we require some information concerning the radioactivity of the deep 
seated granites in situ, for we cannot decide from the radioactivity of specimens 
collected on the Earth’s surface what is the appropriate rate of heat generation to 
ascribe to the granitic layer; thus, heat flow measurements will not at present deter 
mine the thickness of the continental layers with anything like the accuracy given 
by earthquake data. 

The first attempt to measure the temperature gradient in the ocean floor was 
made by BULLARD in 1949, off the coast of California, and a later determination by 
REVELLE and MAXWELL gave the heat flow as 1-3 LO-® cal per cm?-sec., which is 
very near the general average of that over the continents. Taken at its face value 
this flow is rather disturbing, for the usual picture of an ocean floor as a rather thin 
layer of sediment underlain by perhaps 6 km of basalt would imply a heat flow of only 
about 0-5 1O-®, It is difficult to believe that oceanic basalt is as radioactive as 


ranite, and for the present it is as well to await further experimental results. Dr. 


ci 
BULLARD, who made a determination of the temperature gradient in the Eastern 


Atlantic during the summer of 1952, has told me that his preliminary computations 
indicate a heat flow of about 0-7 10-8: Dr. M. N. Hinw’s seismic work on this 
expedition indicates a basalt layer some 6 km thick, with no granitic layer, and the 
corresponding heat flow on the basis previously assumed is 0-5 i0-®, which is 
rather smaller than the value found by BULLARD, and much less than that found by 
REVELLE and MAXWELL. 


ft, THE GRAVITATIONAL EVIDENCE 
It has already been mentioned in the opening section that measurements of gravity 
(except in certain limited regions of relatively small area) indicate that, broadly 
speaking, the mass in a column of unit area above a certain level in the Earth's 
crust is the same in all parts of the globe. The evidence for this general statement is 
a large collection of gravity measurements over the continents and in modern times 
over the oceans. Ifthe precise composition of the crust were known in any one region 
this would afford a source of comparison with other places. Unfortunately this is 
not known, and our ignorance of the densities of the deep-seated materials makes 
any such comparison very precarious. It is natural to compare the oceanic regions 
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with the continents, but it is only recently that some information has been forth- 
coming from seismic work at sea concerning the layering of the ocean floors, and as 
the densities are rather critically involved the comparison introduces yet more 
uncertainties. 

We may take as an illustrative example the results, as yet unpublished, of Dr. 
M. N. Hix's seismie work in the Eastern Atlantic, further out than the continental 
shelf. His results indicate the absence of a granitic layer, and he has informed me 
that a not unreasonable structure to assume would be a layer of sediments, perhaps 
| km in thickness, underlain by 6 km of basalt, with the ultrabasic material of the 
mantle immediately beneath. 

Suppose, for example, we consider the weight of a column of 24 km of granite, and 
S km of basalt. of densities 2:7 and 2-9 gm per em?, in comparison with a column of 
equal height containing 5 km of water, | km of sediments, 6 km basalt, and 20 km 
of dunite, of respective densities 1-0, 1-7, 2-9, 3-3. gm per cm*. Then the relative 
weights are 86-0 and 90-1, which is a closer agreement than perhaps might have been 
expected in a “first-time shot’, in which no attempt has been made to choose favour- 
able data. Indeed, there are various criticisms that could be made of the choice of 
densities: nor has any allowance been made for the height of the continent above 
sea-level or of the rather smaller density of the sedimentary layer, here included with 
the granitic layer. The adopted density of granite is perhaps a little high, and that 
of basalt a little low. Thus, it would be possible to adjust these numbers to arrive 
at anything from good agreement to marked disagreement 

The corresponding comparison for a continent consisting of 20 km of granite and 
10 km of basalt gives the relative weights as 83 and 83-5. Thus. while seismological 
estimates of the thickness of the continental layers of Europe are not difficult to 
reconcile on gravitational grounds with the structure of that part of the Eastern 
Atlantic recently explored seismically, our ignorance of the precise densities to be 
used gives little hope at present of using this method to improve the seismological 
estimates. 

The height of Central Asia above sea level, as already mentioned, may be expected 


to correspond to a considerable thickening of the continent below the elevated 


portions. However, we do not know at present whether the basalt layer (if any) is 


correspondingly thickened, or thinned out. Assuming for the moment that it has the 
same thickness as in lower regions, it is easy to see that an extra surface elevation of 
1 km of rock of the density of granite involves an extra thickness of about 4:5 km 
in the granitic layer. It is clear, then, that the likelihood of such variations in the 
thickness of the granitic layer must be borne in mind when the seismological and 
thermal evidence are discussed. Our ignorance of the variations in thickness of the 
intermediate layer (which is called in this article the “‘basaltic layer,” perhaps 
inadvisedly) introduces yet another uncertainty; there is, indeed, some evidence that 
the existence of this layer is a regional phenomenon. 

It may be mentioned here that some information has been obtained in Sweden by 
R. LuNDHOLM (1946), from a study of the flow of large electric currents transmitted 
to the ground. The method, allied to that used in geophysical prospecting, should 
throw some light on the layering of a continent, and the results so far found appear 
consistent with the existence of a discontinuity at a depth of 35 km, below which the 
rock seems to have a considerably greater conductivity; but further investigations 


along these lines are desirable. 
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Perhaps the best hope of getting information about the layers is to compare the 
results of large explosions with heat-flow measures in the same region, especially if 
it is a seismic region where near earthquakes can be studied. This, however, is a 
counsel of perfection: large explosions are generally made for military or commercial 
reasons, and temperature gradients are measured in boreholes, which are expensive 


to drill and are usually made when there is some hope of finding oil. None the less, the 


large sampling variation evident in the data at present accessible shows that no 
considerable further advance can be expected while the oversimplified model of a 
continent with layers of uniform thickness is retained. 

In conclusion, I wish to express my gratitude to Sir Epwarp BuLLARD, who 
helped me considerably by putting at my disposal tables that he had compiled of 


heatflow and seismic determinations in various regions of the world. 
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1. INTRODUCTION 


1 


SAL methods emploved in meteorology to estab h the positions of active 

ms, usually imply simultaneous radio direction-finding observations at 

tions, widely separated geographically but linked by intercommunication 
OCKENDEN, 1947 The commitments. both in expenditure and personnel, 

in consequence, conside! ible, and the reduction resulting from the development 
n. locating technique, would be welcomed by many 

suggestions for the radiolocation of thunderstorms from one observing point, 

i direction-finding system in conjunction with some parameter of 

rm of an atmospheric that is dependent upon the distance travelled, D. 

the frequency spectrum, the manner of modification of waveforms by 
ionospheric reflections, differences in » times of arrival of specified frequencies, 


{ 


ty ire all affected by distance, a id ca » considered as fundamental phenomena 
pon which thunderstorm locating thods might be based. With all the proposed 
techniques the distances of origin of single waveforms can be estimated, and if 
several individual atmospherics can be definitely associated with a single storm 
centre, an averagimg process will creatly Increase the accuracy of location of the 
storm 

The characteristics tn erics do not depend upon distance alone. The 

ure of the waveforms received at any given station is affected primarily by the 
positions and pecull irities of the active storms. and the conditions along the propaga 
tion paths. Source and propagation effects are both involved and are, in turn, 
Intimately connected with meteorological conditions and the actual geographical 
position of the observing point with respect to the majo! storm-centres. Meteoro 
logical 1 fli ences will dete} mine t he loc ition. character. and time of occurrence ot the 
main storms, /.¢. the principal source effects, and in the subsequent propagation the 
chief factors controlling the waveforms of the resulting atmospherics will be distance 
and the state of the ionosphere below 100 km. Since both ionospheric and meteoro 
logical agencies are at work, the pronounced variations depending upon time of day 


and season the year. that are observed fo1 many features of atmospherics, are not 


unexpected. The lack of extensive knowledge, concerning the precise influence of 
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these temporal effects and of the unexplained azimuthal phenomena occurring during 
propagation, upon the waveforms of atmospherics, is undoubtedly responsible for 
much of the scatter experienced in applying distance-determining techniques. 

Any thunderstorm locating method should ideally be sufficiently swift to yield the 
answer within a few minutes, and simple enough to be operated by trained, but not 
scientifically qualified, personnel. An accuracy of |) per cent over a range of 
00-3000 km, for both day and night conditions and all seasons of the year, is desirable 
These requirements are unlikely to be approached by single-station techniques fo1 
some time, but they are somewhat stringent and not entirely satisfied by existing 
multi-station systems. Even the British Network, the most effective multi-station 
system at present in routine operation, is subject to errors, both random and 


systematic, that are considerably greater than is generally realized. 


2, AMPLITUDE METHOD 


Employment of the maximum amplitude observed in the waveform of an atmospheric 


as an indication of ), has the advantage that the recording and analytical technique 


is obvious. simple, and rapid, but the method is subject to gross inaccuracies. It is 
well known that the change in electric field due to a lightning discharge may be 
represented by an electrostatic, an induction, and a radiation term; only the latter 
is of appreciable magnitude at the distances involved in thunderstorm location. 
Radiation pulses, sufficiently large to be observed as distant atmospherics, result from 
steps or darts occurring during leader stages of the lightning flash, or from return 
strokes; the return-stroke pulses are considerably greater than the step or dart 
pulses. Analysing an extensive series of observations at the Solar Physics Observa 
tory, Cambridge, PIERCE (1950) has shown that although the change .W in electric 
moment during a discharge is comparatively constant, the variations in the associated 
radiation fields (dependent upon d?.V/ df?) are very extensive. In particular, step 
pulses show an enormous range in magnitude at the source, and any thunderstorm 
locating technique based upon the amplitudes of waveforms generated during step 
processes is, in consequence, quite unreliable. There are indications that return-stroke 
pulses are more restricted in their individual characteristics, but even so a variation 
of at least 30 to 1 in amplitude to be expected from a given distance is involved: 
since the change in radiation field amplitude with distance is less rapid than an 
inverse distance law, the uncertainty in the estimation of / will be of the same 
order. 

The above arguments are concerned with the maximum amplitudes of the wave 
form of an atmospheric as recorded upon an aperiodic receiver. If attention is con 
fined to a single frequency, it Is possible that a frequency could be selected for which 
the range of variation of magnitude in the original pulse was narrow, and the law of 
decrease in amplitude with distance, rapid: in this case, the accuracy of determining 


1) would be much increased. 


3. IONOSPHERIC REFLECTIONS 
Certain atmospheric waveforms contain a series of peaks the positions of which may 
be interpreted as due to a ground pulse followed by a pulse reflected once from the 
ionosphere, a twice-reflected pulse, and so on. Simple formulae may be derived 


giving the intervals between the successive peaks in the waveform in terms of /, the 
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ippile } sorht of 
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of the ionospheric reflection stratum involved, ), and c, the velocity of light 

McoNeILL, NICHOLLS, NICKSON, 1940). Reflection type atmospherics originate 
strokes and are easily recognized by appearance. 

incidence of waveforms suitable for reflection analysis appears to depend 

upon whethet day or night 


conditions are involved, but secondary geo 
ur (CATON, PIERCE, 1952). 
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For the British Isles, at night, 
ospheries are recorded from all distances i 


mn al 


1. the south-east quad 
out 1600 km in a south-westerly direction: beyond this 


veforms consist of smooth oscillations that do not fit a simple reflec 
tio} Indeed. when storms are active simultaneously in widely 
enced observers can often recognize by inspection which 

ted with which storms. 
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During daytime, controvers\ 
ction type wav forms are observed or not (C‘ATON. PIERCE, 
GOYDER. 1950 


| it seems probable that they are 


mon in winter, and, whatever the season, are only 
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selection of a promising waveform, and subsequent 


IS cumbersome il | 


1d unsuitable for routine 
be simplified to some extent. When night 


times 2or5 


hr removed from twilight on the 
or more of the iveforms recorded may be 
the following procedure. The gain is adjusted 
waveform occupies the full recording range 
ust sufficient for reflection type atmospherics to 
le distortion is selected: 1-15 ke s is quite adequate. 


of the reeord should be 10 msec. and 


the time resolution 


ts being made 1 ) usec, 


reeke| wentyv ol more pulses of wpprecia le magnitude are normally 
served to toll t int! cood inalvsis basec 


| upon the positions ot 


per cent ‘V1 be obtained 


li Phe analysis may 
simp 7°5 km is unlikely to introduce errors of 
1952 It will be noted that the recording tech 
large magnitude pulses. This is 
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mospherics to which the reflection theory apparently 


75 km is indicated, but recent obsei 


vations have shown that 
obtained DV a method involving a 

irlat . of f with the order of the pulse CATON, 1952) At twilight. 
oradual change from 75—S7:- 


5 km in the value of / 


itions for daytime waveforms may be 


the existence of which 
iken into account when analysing atmospherics recorded at these times 
rh the reflection technique is of limited applicability, and 


Involves an 
enient and lengthy recording and analytical procedure, it must be emphasized 
certain conditions, it IS a more accurate method of locating thunder 
1 the best multi-station, direction-finding systems. 
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tf. FREQUENCY DELAY MerTHOD 


[In most atmospherics, the initial oscillations are of smaller quasi-period than the 
later ones, i.e. the group velocity is apparently greater for the higher than for the 
lower frequencies. The most pronounced instance of this dispersive propagation 1s 
found in the phenomena associated with the “‘slow tail’. The slow tail, low-frequency 
(100-500 ¢ s) component, has been observed to arrive after the main oscillatory 
section of the waveform with a delay time, that is, upon the average, linearly related 
to D with different constants of proportionality for day and night (HEPBURN, 
PIERCE, 1953). Unfortunately, the scatter of individual values from the linear 
relationships is extensive and sufficient to render their use, at present, for determining 
D), impracticable. Much of the scatter is, however, certainly due to azimuthal or 
geographical effects, and to finer temporal variations than have been hitherto con 
sidered ; it will, therefore, be eliminated as further data and knowledge are acquired. 
It is also possible that considerable improvement in the slow tail technique might be 
achieved by examining the delay between the arrival of the maximum amplitudes on 
two specified frequencies, say 10 ke s and 250 kes, rather than dealing, as has been 
done hitherto, with the two somewhat indefinite ranges in frequency defined by 
“oscillatory” (about 5-10 kes) and “slow tail” (about 100-500 e's). The design of 
electronic equipment directly indicating the delay and, consequently, the distance 


should be comparatively straightforward 


5. FREQUENCY SPECTRUM METHOD 


The variation with distance of the frequency spectrum of an atmospheric, represents 
the most promising approach upon which to base the design of a single-station 
thunderstorm locator. The technique appears capable of being developed to the 
required limits of accuracy, while the problem of devising equipment vielding the 
answer rapidly is not insuperable. 

Bowe (1951) has described observations upon individual atmospherics generated 
during return-strokes, in which the ratios of the component amplitudes upon 
selected frequencies were recorded. The ratios ch wnge rapidly with J), and the varia 
tion is so pronounced that, in summer daytime, a range of 10 to | in the ratio of 
amplitudes at 3-5 kes and 7-5 kes at the source, would imply an uncertainty ot 
under 40 per cent in the estimation of 1). The existing scatter in Bowe’s results 
could undoubtedly be reduced by amassing sufficient data for fine temporal variations 
and geographical and azimuthal effects, to be taken into account. An averaging 
process over several atmospherics, perhaps using tuned receivers responding to an 
integrated level over a short period, would also enable a storm-centre to be fixed 
more accurately. 

It is evident that the precision of the frequency spectrum method could be much 
improved by employing several frequencies, by using frequencies for which the 
ratios change most rapidly with distance, and by selecting frequencies the ratios of 
which show least variation at the source; in this latter connection, it may be men 
tioned that the great range in magnitude for step pulses at the origin does not 
necessarily imply corresponding variability in the form of the individual frequency 
spectra. 


Another technique that is similar to the frequency spectrum method involves the 


quasi-period of the slow tail. This has been found to depend linearly upon D, with 


different constants according to whether propagation is by day or by night (HEPBURN, 


g thunderstorms from a single observing station 


Prerce, 1953). The scatter of individual values from the mean law is considerable, 
but observations have shown that at times, particular periods, within narrow limits, 
are associated with storms in certain localities, and it is obvious that factors other 
than PD are involved in producing the slow tail phenomena; further data may enable 


these to be eliminated and reduce the scatter. 


6. DIRECTION-FINDING 


1 h is been t citly issumed th it accurate direction finding presents little difficulty, 
but in practice considerable errors arise; these are primarily due to site and polariza 
tion effects. The former are mainly produced by local topography and other influ 
ences (HORNER. 1952). and may be largely eliminated by the choice of specially 
favourable recording sites: this is obviously more easily achieved for a single station 
than for multi-station networks. 

\bnormal components of polarization, and, in consequence, polarization errors, are 

ly marked for the reflection types of atmospheric (CATON, WORMELL, 1952). 

he ionospheric reflection technique operates solely upon these waveforms, 

while the other methods, although not confined to reflection-type atmospherics, may 
be activated by them, the errors can be serious. It is possible, however, to employ 
elaborate aerial systems that will much reduce polarization inaccuracies; this is, of 
course, more economic for single station than for multi-station technique. Again, 
ibnormal polarization is most pronounced in the later stages of reflection-type 
tmospherics, and if the direction-finding is confined to the early pulses errors are 
Indeed it IS not even essential fol direction tO he established from 

iveform that is utilized to determine D. provided it is certain that 


torm-centre are examined in each case. 


7 (CONCLUSION 


Is certain, at present. that no technique for the single station location of thunder 
storms is sufficiently advanced to replace the routine, multi-station, direction-finding 
Even at the present juncture, however, certain of the methods described are 


capable of giving valuable supplementary information, when, ¢.g. at night, it may be 


undesirable, for economic or other reasons, to operate the direction-finding networks. 


Many of the suggested techniques are capable of obvious improvement. It must be 
remembered that the proposed methods have been the by products of academic 
researches not specifically directed towards furthering the practical problem of 
locating thunderstorms. Only principles have been established, and no serious 
attempts h ive vet been made to determine the optimum design ot techniques. 

Much of the scatter observed is the result of insufficient knowledge of the effects 
of factors other than distance. For frequency spectrum methods, for instance, 
recognition of the influences due to azimuth, geographical factors, season, and fine 
temporal variations during the day, on a scale comparable with the information that 
exists for many of the allied effects in radio communication, would immensely reduce 
the sources of scatter. Indeed, it is considered, that if tuned amplifier equipment, 
functioning on several well-selected frequencies, was installed and kept in routine 
operation in the British Isles for two or three years, the resulting information would 
soon enable the Meteorological Office C.R.D.F. Network to be replaced by a single 
station. 
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The Abundance of Atmospheric Carbon Dioxide and its Isotopes 


LEO GOLDBERG 


1. INTRODUCTION 


ANALYSIS of the absorption spectrum of the Karth’s atmosphere is best accomplished 
when the Sun is used as a light source. The chief advantages of this method are: 
(1) the enormous brightness of the Sun, which favours the use of high-resolution 
spectrometers; and (2) the availability of a very long atmospheric path, which can 
vary between 8 km and 300 km N.T.P., depending upon the altitude of the Sun. For 
several reasons, however, accurate spectroscopic determinations of the abundances 
of atmospheric constituents have not been made until recently. The chief difficulties 
have been: (1) limitations in resolving power imposed by inefficient gratings and 
insensitive infra red energy detectors: (2) absence ot data on absolute absorption 
coefficients and true line widths: and (3) lack of an adequate theory of line formation 
in a non-homogeneous atmosphere. 

All of these difficulties have now been satisfactorily overcome. The development 


of improved gratings and infra-red detectors has made possible the recording of 


relatively faint molecular lines for which the total absorption is independent of the 
true line width. Hence, when sufficiently small concentrations of absorbing gas are 
employed in the laboratory, the line absorption coefficients may be determined by 
direct proportionality with the measured equivalent widths (GOLDBERG, MOHLER, 
DONOVAN, 1952). The atmospheric abundances may then be derived from similar 
measurements in the solar spectrum. WiILson and WeEtts (1946) have also shown 
how the integrated absorption coefficient of a vibration-rotation band may be 
obtained from laboratory measurements with spectroscopes of low resolving power. 
The necessary formulae relating the individual line absorption coefficients to the 


irbon d oO 


band a 
PENNER and WEBER (1951), and EGGERS and CRAWFORD (1951). 
The problem of the interpretation of the absorption-line intensities when the 


1 absorption coefticient have been given by CRAWFORD and DINSMORE (1950), 


lensity and temperature vary with altitude has been treated by VAN DE HuLstT (1945), 
» writer (195] It has been shown, for example, that the equivalent 

nolecular lines of low rotational energy are nearly identical with those that 

formed in an isothermal atmosphere of uniform density. The effective 

ire detined by the Boltzmann equation is about 20 per cent lower than the 

ilue, while the true line width, produced chiefly by collisions, is about one 

the ground value. Expressions have been derived for the relatively small devia 
roma Boltzmann distribution and for the slow increase of collisional line width 

with excitation potential. An important consequence of the theoretical results is that 
the true widths of atmospheric lines may now be deduced from curve of growth experi 
laboratory (LOCKE and HERZBERG, 1953). The broadening effect of one 


fair upon the absorbing molecules is determined for any given line and the 


itd 


ling atmospheric line width is then calculated from theory. By this method. 
inces may also be derived from the equivalent widths of very strong lines. 
modern methods have been applied to the atmospheri spectra of oxygen 
Hust, 1945), methane (GOLDBERG, 1951; NIELSEN and MIGEOTTE, 1952), 
monoxide (LocKE and HERZBERG. 1953: Howarpb and SHAW, 1952) 


t 


i 


dioxide. which has not previously been determined 


irbon 
cial interest both because of its importance to the life 
infra-red solar spectrum of bands arising 

(22Q016O15) According to J. S. HALDANE 


dioxide content of country air, from chemical measurements, 
he limits ind 0-044 per cent \ diurnal variation in the 


bly due to photosynthesis. was quite definitely noted, as 


presumably 
nn from the soil and of combustion in the City of London. 


had three aims 1) to check the chemical determinations 
hy the spectroscopic method 2) to investigate 


content: and (3) to determine the abundances 


of the isotopic \ 


The observations of the carbon dioxide bands were made with the high-dispersion 


I 


spectrometer and Cashman PbS cell that is attached to the Snow telescope of the 


Mount Wilson Observatory and is operated under a co operative arrangement by 
MceMath-Hulbert Observatory of the University of Michigan. Two 


the st: 
main groups of CO, bands are found in the region 1-5u—2:-5u three strong bands 
occur at 24 and four weaker ones in the 1-6 region. The strength of the 2u bands 
makes them unsuitable for analysis, both because of uncertainties in the line widths 


and because of the overlapping of neighbouring line wings. On the other hand, the 


band cent:e at 1-60u contains several unblended lines of intermediate and low inten 
SITY. ind the wings do not appeal to overlap seriously The band IS shown in Fig. |. 
For investigation of the abundances of ( and O18”. two bands were chosen—one due 


to (l2QO16QO!5 at 2-04u and the other arising from Cl#QO,!® at 2-05u (see Fig. 5). 


2. ABSORPTION COEFFICIENTS 


The first step in the abundance determination was the measurement of the line 


ibsorption coefficients in the laboratory. Toa sufficient approximation, the integrated 
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absorption coefficient per molecule in level / for individual lines in parallel bands 


of linear triatomic molecules is given by Eacers and CRAWFORD (1951) as 


where v is the frequency of the line and », that of the band centre: S, is the integrated 
absorption coefficient of the entire vibration-rotation band per molecule in the 
ground vibrational state, and m is the serial number of the line, which is equal to 
P | in the positive branch and to J inthe negative branch. Fo. the two isotope 
bands, it was assumed that the integrated absorption coefficient was identical with 


that for the corresponding hand of C}( i" at 2-Olu \eccording to WEBER. HOLM 


and PENNER (1952), its value is 1-1 10-" em?-see.~! For the 1-60u band S, was 


determined from a series of absorption-cell tracings made in the laboratory by Dr. 
MOHLER and very kindly furnished by him. The source employed was a d.c. motion 


picture are with very high infra-red intensity (McMatrH and MonHtuer, 1949), the 


absorption being produced over a tot il path leneth ot P95 E¢M aS a result ot two 


traversals of a steel absorption cell filled with a mixture of ( O, and air. ‘Tracings 


were made with four different partial pressures of CQO,, equ ul to 191, 305, 495, and 
$46 mm Hg, but sufficient air was always introduced to maintain the total pressure 
constant at three atmospheres. It Was anticipated that the pressure broadening 
would thus be great enough to insure linearity between the equivalent widths and 
the absorption coefficients. 


The line absorption coefficient over the entire path length becomes 


where .V,, the number of molecules per square centimetre along the absorbing path 


in level J, is given by the Boltzmann equation 


It should be kept in mind that, in the symmetrical forms of carbon dioxide, e.g. 
( ‘12, i, (115( ‘i, only the levels of even./ are populated and therefore the line absorp- 
tion coefficient given by equation (2) must be doubled. Equation (2), as it is written, 
is valid for C!?O!"O!5, for which lines of both odd and even./ occur. In the Boltzmann 
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formula, .V, is the number of molecules per square centimetre in the ground vibra 
tional state, which at room temperature is essentially equal to the total in all states, 
E, is the rotational energy and ) is the rotational partition function. To a very 


high approximation (EGGERS and CRAWFORD, 1951), 


() 0-695 
t ) 


1) 


where the rotational constant 5, 0-391 kaysers.* 


In equation (2) above, all quantities are known except Do. If the logarithms of 


the equivalent widths, A (in sec.~!), of the CO, lines recorded in the laboratory are 


plotted against the logarithms of the absorption coethcients given by equation 

the plotted points should define the curve of orowth for ¢ U, ines In equation 

all quantities are known except S,. In the linear branch of the curve of growth A is 
equal tO T Hence, if log A is plotted against log 7 Da; the intercept of the linear 
branch of the curve on the log A axis is log So- The results are plotted in Fig. 2. 
where it may be seen first that there is satisfactory agreement among the observa 
tions made at different partial pressures of CO,, and second that most of the points 


fallon the linear portion of the curve of growth. The value of S, is 8-6 ~ 107-12 em?-sec.~!, 


3. ABUNDANCE OF C?20,16 


The data for the abundance determinations consist of measurements of equivalent 


widths ot lines in the 1-604 band. observed in the solar spectrum on various dates 
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between 24th August, 1949, and 23rd January, 1953. The altitudes of the Sun at 
the times of observation were such that the number of air masses varied between 
| and about &. If the integrated absorption coefficient for air mass unity is 7, then 
its value when the Sun is at zenith distance z is 7 sec. z. We cannot assume that the 
equivalent widths will be equal to the line absorption coefficients without actually 
constructing the curve of growth for CO, in the Earth’s atmosphere. This was accom- 
plished as follows. For each of twelve lines in both positive and negative branches 
log A was plotted against log sec. z from observations made on the dates of 19th, 
20th, 21st, and 28th December, 1950. The twelve sets of points were then superposed 
in the usual way to form a composite curve which was represented very well by a 


SS ee 


the Earth's atmosphere 


theoretical curve of growth for pure collisional broadening with a line width at half 
intensity, y 27, equal to 1-7 « 10% sec.~-!. This value is not precise inasmuch as most 
of the points are fairly close to the linear branch of the curve of growth. The theoreti 
cal curve and the empirical points are shown in Fig. 3. 

The neglect of Doppler broadening as compared with collisional broadening in 
the Earth’s atmosphere has already been justified by vAN DE Hust (1945). It is 


further illustrated by calculation of the parameter a, the ratio of the collisional 


width to the most probable Doppler displacement. The value of y 27 at ground level 
is twice the value derived from the curve of growth, or 3-4 109 see.-!, On the other 
hand, the Doppler displacement for molecular weight 44 and a temperature of 
300° K is 2:1] 105 sec.-!. The value of a is therefore about 16 at ground level 
although it will decrease at higher altitudes, where the contribution to the line 
intensity is relatively small. 

The curve of growth in Fig. 3 was employed to convert all available values of log A 


to values of log 7. For dates other than those in December, 1950. the measurements 
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were confined chiefly to negative branch lines. as shown in Fig. |. If we define the 


quantity 
er 


equations (2 and 
ie 
log 0 ae l). v0 a(S) 
where N, is the number of molecules per square centimetre through the zenith. 
It is obvious that if the values of Y are plotted against /(./ 1), the slope and 


intercept of the resulting straight line vield the effective temperature and abundance, 


respectively Fig. 4 shows a representative plot of Y vs. J(J 1) for the date of 


5th November, 1949. Table 1 contains the results of the separate temperature and 


ibundance determinations. The uncertainty in the temperatures may be as high as 
10 per cent and therefore probably masks any correlation with the ground tempera- 
tures given in column 4. The mean values of the ground and effective temperatures 
are 290° and 247° K. respectively. The ratio of 1-18 represents cood average agree- 


ment with theory. 
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The average value of log N, is 21-87 and the maximum variation exhibited in 
lable 1 is about 12 per cent, which is of the same order of magnitude as the error 
of determination. It seems safe to conclude that the CO, content over Mount Wilson 


remained constant within about 10 per cent during the twelve days listed in Table 2 


Vount Wilson, December, 


Tahle 2. fhundances o 


There is no evidence for a seasonal variation of any magnitude. The average total 
number of molecules per square centimetre through the zenith is 7-4 10**. Cor 
rected to sea level, the abundance in centimetres N.T.P. is 320 and if for the entire 
atmosphere the reduced height is 8-04 LO? cm, the percentage abundance is 0-040. 
This is in reasonably good agreement with chemical determinations (HALDANE, 1936). 


$f, ABUNDANCE OF C#O,!® anp COO! 


\s may be seen from Fig. 5, the positive branch of the C!0,'* band is overlapped by 


the negative branch of the C!201%0!8 band and the negative branch of the former band 


C*Q,'* and O'O!'® in the solar spectrum. The 


Region of the 2-05u bands of 
tangles referring 


values inside the re¢ 
» ( QO 'EQO!s 


» measured lines are give 


serial numbers of the 
to ClQ,'*® and the o 


is hopelessly lost in the strong absorption by ordinary CO,. However, the weakness 


of the isotope lines suggests a method of analysis for blended pairs of lines in which 


the components are C#0,'® and COMO! 

Let 7, be the absorption coefficient, as defined by equation (2), of a line of CO," 
and 7, that of a blended line of C!?01!O!%. If the lines in question are both very weak 
the combined equivalent width will be equal to the sum of the absorption coefficients 
T, +7». In the general case, the relation between the combined equivalent width 
and 7, — 7, will depend upon the spacing of the components and upon the resolving 
power, and will be different for each pair of lines. The curves of growth will coincide 
in the linear portions, however, and in the intermediate portions will perhaps not 


) 


deviate greatly from the curve of growth already determined for CO,, with y/2z 
1-7 1a? see 1 

The lines selected for measurement are given in Table 2. The first column gives 

the approximate wavelength, while the second and third columns give the serial 

numbers of the CPO, and C?O!¥O!* components, respectively. Four lines of the 

itter isotope are unblended. The equivalent widths of both blended and unblended 

lines were measured for a number of values of sec. z in December, 1950, and converted 


to zenith values of tr, and + To with the aid of the curve of growth in Fig. 3. By 


0 


iken as equal for the two bands. and N, and WV ire respectively the 
CBO'® and C?OlO! molecules per square centimetre through the 
unblended lines, either one or the other of the two terms is set equal to 
tor 2 in the left-hand term takes account of the absence of alternate band 


\verage values of 7, 7, or of 7, are given in the fourth column 


ibular entry is derived from at least ten separate measurements. 

four unblended lines of C!201%0!5, a value of Vy was calculated 

he temperature assumed to be 240 K. The values of Vo 

| 1 1 umn of Table 2, the mean value being 1-53 lo” em. 
With this value ’,. the remaining lines then gave » values of .V, tabulated in 
the sixth column oj 2? The mean is 3-54 19 ¢m-2. In centimetres N.T.P. 
undances are 1-54 for C#?O,!* and 0-67 for C2O1HO!. The 


tomic abundances are therefore about 210 and L000 tor C,, | 1. and O46/ O15; 


respect 


vely. Both ratios are about twice as large as precise determinations with the 


ectrograpn BIRGER, 194] It seems more than likely however. that the 
ic abundances of isotopic CO, are not abnormal and that the discrepancy 


ittributed to uncert unties in the ibsorption coethe ients and to errors in the 


measurement ind reduction ol the Iotope line intensities 


To summarize. the average carbon dioxide content of the air above Mount Wilson, 
California, is 0-040 per cent. Any variation in abundance is less than about 10 per 
inc is probably within the error of the abundance determination. The abun 
dances of the isotopic forms CO,!* and Cl?O!8QO!% are found to be one-half as great 
is would be expected from mass spectrograph measurements of the abundances of 
ind ()1s. but at least part if not all. of the discrepancy can be caused by errors in 

the absorption coefficients. 
The writer wishes to acknowledge the valuable assistance of Dr. Epirn A. MULLER, 
Mrs. Harriet Mauirson, Miss Dinuan Ear, and Mr. Jouxn K. WILKINSON in the 


] 


measurement and reduction of the tracings. 
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The Infra-red Spectrum of the Earth’s Atmosphere 
T. W. WorMELL 
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1. INTRODUCTION 
THE predominant gases of the terrestrial atmosphere are nearly transparent over 
most of the frequency range in which resides the bulk of the energy, whether of the 
incoming solar beam or of the outward flux of terrestrial and atmospheric radiation, 
and the main absorption of energy, in either case, is due to the polyatomic con 
stituents. These gases possess strong vibration and rotation absorption bands in the 
infra-red and nearly all the energy of temperature radiation from a source at ordinary 
atmospheric temperatures lies in the range of wavelengths between 3u and 60v. 
In consequence, the polyatomic gases, although comprising a very small proportion 
of the whole atmosphere, are of overwhelming importance in determining its thermal 
state in so far as this is controlled by radiative transfer. Analysis of the effects of such 
transfer is extremely complicated due both to the complex nature of the absorption 
spectra, which are moreover pressure-dependent, and also to the different distribu 


tions in the atmosphere of the gases concerned. It is thus of importance from many 


points of view to have accurate knowledge of the identity, amount, and distribution 


of all polyatomic gases which are present in appreciable amount. 

The study of the infra-red solar spectrum offers a very direct method of investiga 
tion, the more powerful in that the number and intensity of the lines of solar origin 
fall off rapidly for wavelengths exceeding about 2u (GOLDBERG, 1950). The principal 
features of this spectrum, out to a wavelength of about 5u, had already been mapped 
by Lanauey and Apporr before the end of the last century. A major advance had 
to await the great improvements, which have been made in the last fifteen years 
(SUTHERLAND and LEE, 1946-47), in the efficiency and speed of infra-red detectors. 
The use of photoconductive cells makes it possible to utilize nearly the full theoretical 
resolving power of a grating, for wavelengths out to about 3-5u, and the limiting 


oth, to which such cells retain high sensitivity, is continually being increased 
by further developments. At longer wavelengths it is necessary to rely on thermal 
detectors of radiation, on bolometers, thermocouples, or the Golay cell pneumatic 
detector: even with these it is possible to resolve, with a grating, the individual 


rotation lines in the spectrum 


NO11D31430 


The pioneer in the application of these techniques to the atmospheric spectrum was 
ADEL., whose studies (1939, 1941). first with a prismatic and later with a grating 


spectrog! iph, stimulated oreat activity and led to the opening up of a new and 


complex field. Numerous studies with high resolution instruments have been pub 


lished in the last few vears, notably by MiGgrorre (1951) and by groups working at 
Johns Hoy kins University MceMath Hulbert Observatory and Ohio State University 
GOLDBERG, 1950; SHAW, OXHOLM, and CLAASSEN, 1952 
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2. IDENTIFICATION OF GASES IN THE TERRESTRIAL ATMOSPHERE 
Prismatic spectra, using suitable prisms for differing spectral regions, retain their 
value for special purposes and for indicating the general run of intensity in the 
spectrum and the overall profile of the bands when overlapping of different bands is 
not too serious. For a definite identification from such a spectrum it is, of course, 
essential that several bands due to the same gas be observed with appropriate inten- 
sity, and it is always desirable and often essential that the rotational fine structure be 


investigated before the identification can be considered conclusive and the effects of 
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blends disentangled. The fundamental bands of water vapour and carbon dioxide 
are so strong, and their overtone and combination bands so numerous, that few 
regions in the infra-red atmospheric spectrum are completely free from their effects. 

The most striking features in a low dispersion spectrum beyond say ly are the 
d, y, 0, X bands of H,O, the 4:3u CO, band, the 6:3u HO band, the 9-6u O, band, 
and the great rotation band of water vapour which, at sea-level, absorbs completely) 
solar radiation beyond about 13-5u, although AbeEL (1942, 1952) and MIGEOTTE and 
NEVEN (1952), at high altitude stations, have detected a small amount of energy 
between about 16a and 22u. For wavelengths between the strong bands already 
listed, the atmosphere is comparatively transparent. Weaker features which happen 
to occur in these transparent regions, and in consequence are obvious even on low 
dispersion spectra, include bands at 4:54 and 3-9u due to N,O and a band at 3-7 


due to HDO. Many of these features can be made out in Figs. | and 2, which are 


ies of different constant pressures. 
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QUANTITATIVE ESTIMATIONS FROM INFRA-RED ATMOSPHERIC SPECTRA 
: Sa 
he sorption in one of the stronger bands can be estimated with moderate 
rac fro prisma spectrum, the principal uncertainty being the position of 
¢ 1 CO] nha continuul whicl Is usually itfected 1 \ othe ubsorptions. The 
( n betwee served band absorption and the quantity of absorbing material 
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ub 2a study of different bands of the same absorbing gas may be 


distribution of the gas in the 
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atmosphere, The most striking example of this ts the case of ozone. The ultra 
violet absorption Is independent of pressure and yields a reliable measurement of the 
total ozone amount irrespective of its distribution. Observations of the 9-64 ozone 
band in the solar spectrum may then be combined with the results of a laboratory 
study of this band to yield an estimate of the weighted mean pressure or effective 
mean height” of the ozone. Such an experiment was first attempted by STRONG 
(1941) and is discussed in a paper by (Goopy and WaLsHAW (1956) in the present 
volume. 

Ky idence as to the location of an absorbing Cas In the atmosphere is also obtained 
if its mean temperature can be estimated. ApbEL (1947, 1950) has attempted this, foi 
ozone and nitrous oxide, from observations of the infra-red emission spectra ol these 
gases In the atmosphere. 

The number of bands in the solar spectrum to which such methods of analysis can 
be applied is very limited owing to the overlapping of bands due to different gases 
Where this is serious, quantitative information may still be obtained by a study of 
the equivalent widths of individual lines in grating spectra. The theory of the 
curve of growth of atmospheric lines has been discussed in detail by (,OLDBERG 

1951), who has emphasized that quite detailed information concerning the vertical 
distribution of a gas, and also on atmospheric temperatures, could be deduced if 
really precise determinations of line-widths as a function of solar altitude could 
be made. 

A study of the relative intensity of cifte ; the same band also vields an 


effective temperature for the absorbing 


{ STUDIES OF SOMI N VI AL GAASES 

Nitrous Oxide (NO 

ADEL (1939), observing at an altitude of some 7000 ft in Arizona, identified, in a 
prismatic solar spectrum, two bands at 7-Su and 8-64 with the », and 2», bands of 
nitrous oxide. He later published a grating spectrum of the region in which the 
nitrous oxide structure could be recognized with fair certainty in parts of both bands 
ADEL, 1941). SHAW, SUTHERLAND, and WorRMELL (1948), observing near sea-level 
at Cambridge, found that in a low dispersion spectrum both these bands were almost 
obscured by water vapour, but they were able to identify other nitrous oxide bands 
2y,), and 3-9u (2y,).. MiGeorre (1948a) found various nitrous 


it 4-5 (v.). 4:-06u (Vy 


oxide bands in high resolution spectra taken from the Jungfraujoch, at an altitude 


of nearly 12.000 ft. The presence of this gas as a permanent worldwide constituent 
of the atmosphere, and in a total amount of the same order as the amount of ozone, 
was thus established. GrBBIE, HARDING, Hinsum, Pryce, and RoBeErtTs (1951), 
working with a horizontal beam of radiation over a path of about 4 km, found that 
the 4:54 and 3-94 bands were present in considerable strength, in contrast to the 
9%-6u band of ozone which could not be detected, and thus established the presence 
of considerable quantities of N,O in the air near sea-level. Goopy and WaALSHAW 
1953), in a recent discussion of this gas in the atmosphere, report the results of 
measurements of the 7-Su band from an aircraft (YARNELL and Goopy, 1952) and 
conclude that the gas is uniformly mixed with the lower atmosphere and that the 
total amount is equivalent to about 0-3 cm at standard temperature and pressure. 
They also describe observations which support ADEL’s suggestion that the main 


source of this vas in the atmosphere resides in bacterial reactions in the soil. 


Wethane (CH, 
Methane has two fundamental infra-red absorption bands at 3:31 (3) and 7:7 
y,) respectively. MiGrorre (1948b) first detected the », band in the solar spectrum 
it Columbus, a low altitude station, and also identified some lines belonging to the », 
band in a spectrum of the 7-7 region published by Apex in 1941. The latter band is 
verlapped to some extent by a nitrous oxide band and, when observed from a low 


titude Vv Water Va pour a bso pt ion. The two fundamentals t¢ oet her with various 


er bands have since been observed at several places in the United States, and also 


by Migrorre and NEvVEN (1951) from the Jungfraujoch. GoLpDBERG (1951), from a 


study of the curve of growth of certain lines, has concluded that the total amount is 
equivalent to about 1-2 em of methane at standard temperature and pressure and that 
the observations are consistent with a worldwide occurrence and suggest that the 
gas is uniformly mixed in the lower atmosphere. An earlier study of line intensities 
MeMartu and GoLpBera, 1949) had suggested that the main absorption occurs at a 
temperature of the order of 240 K, implying a concentration of the gas at a level 
somewhat removed from the ground, while SLopap and KroGu (1950) found, by 
ybservations with a mass spectrograph, a methane concentration in air near cround 
evel which is appreciably less than would correspond to uniform mixing throughout 
the lowe it mosphere 


Methane presumably originates from the ground: according to BATES and 


WITHERSPOON (1952) the amount present exceeds that which could have originated 


om oil wells and coal mines. A quantitative assessment of the amount which comes 


mm other 2 tural causes is verv difficult. 


The fundamental is at 4-64: the presence of carbon monoxide in detectable amount 
was first recognized also by MiGEorre (1949) at Columbus. The amount present 
ippeared to vary from day to day. More recently, MIGEoOTTE and NEVEN (1950) have 
studied the fundamental and its overtone from the Jungfraujoch, finding there als 
considerable quantities of carbon monoxide, and confirming a marked variability in 
umount. SHaw and Howarp (1952) have investigated the curve of growth of various 
lines in both bands and find, at Columbus, the equivalent of about 0-1 cm of gas at 
standard temperature and pressure with less marked variability from day to day 
GOLDBERG, McMatu, Mower, and PIERCE, on the other hand, find considerably 
smalle quantities it various othe places in the United States. It has emerged from 
these studies that there is an ippreciable and determinable quantity of carbon 
moncxide in the solar atmosphere. Its effects can, however, be distinguished from 
those of the terrestrial gas owing to the very different temperatures of the regions 
involved. It would appear to be established that the GAS IS Of widespread occurrence 
but with systematic differences in amount in different regions of the Earth; it is 
somewhat surprising that the amounts observed from the Jungfraujoch are so 
considerable. 

According to estimates by Bares and Witherspoon (1952) the formation of 
this gas by photodissociation of carbon dioxide is insufficient to account for 
the amount found in the atmosphere. The main source presumably resides in 


various combustion processes, as is indeed suggested by its apparently variable 


concentration. 


\\ 


). (1ON( LUSION 


Studies of infra-red spectra have established, in the last fifteen years, the presence 


as permanent constituents of the terrestrial atmosphere of nitrous oxide, methane, 
and carbon monoxide, the amount in each case being, by a remarkable coincidence, 
of the same order (to a factor of 3 or 4) as that of ozone. It is reasonably certain that 


the amount of any other unrecognized polyatomic gas which is present is considet 
ably smaller. None of the three gases mentioned has a distribution like that of ozone 
with a marked concentration in the stratosphere, and in consequence none is impor 
tant for radiative problems in meteorology. The main source of supply of each of the 
three is probably at the ground. Much more detailed and precise information on 
systematic variations with geographical location, and on temporal variation at a 
fixed location, whether such variations are secular, seasonal, or irregular, are greatly 
to be desired. A more precise know ledge of the vertical distributions. particularly at 
the greater heights would also be welcome. For spectroscopic investigations, high 
level stations and, still more, high flying aircraft (although here the technical diffi 
culties are formidable, cf. YARNELL and Goopy, 1952), possess the great advantage 
of being above the main part of the water Vapoul blanket and thus extending sreatly 
the usable parts of the spectrum. Improvements in observation techniques may also 
open new possibilities for measurements from ordinary altitudes. When information 
of the type indicated becomes available, it is likely to advance materially our under 


standing of various chemical and physical processes in our own atmosphere 
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The Ozone Layer: An Investigation of the 9.6. Ozone Band 
in the Telluric Spectrum 


M. Goopny anD C. D. WALSH 
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1. INTRODUCTION 


THE main interest in the problem of atmospheric ozone at the present time lies in the 
seasonal, latitude, and short-period variations of ozone amount which are observed. 
\n hypothesis of photo-chemical equilibrium between oxygen and the incident solar 
radiation, as originally proposed by CHAPMAN, explains the existence of a maximum 
concentration in the region of 30 km and gives values for the total amount of ozone 
which are in rough agreement with observation. It also appears to account in detail 

r the vertical distribution of ozone at about 30 km as found from rocket measure 
ments (JOHNSON, PURCELL, ToUsEY, and WATANABE, 1952). 


The equilibrium hypothesis fails however to account for the seasonal, latitude, and 


short-period variations, and it also predicts tropospheric concentrations which are 
far smaller than those which have been observed. This is not surprising, however, 
for when time constants for setting up the equilibrium are computed it is found that 
they are so long below 30 km that an equilibrium hypothesis is bound to fail. It is 
now recognized that below this level we have to deal rather with the problem of the 
downward transfer of a gas. which alone is fairly stable. but which is destroyed by 
contact with the earth’s surface and dust and water droplets. 

Now this is clearly a most complicated system to study, but there can be no doubt 
as to its importance, since it provides information upon stratospheric motions on a 
large scale. A proper understanding requires, however, regular and reliable observa 
tions of the vertical distribution of ozone for different weather conditions, seasons, 
and latitudes. The three methods available for measuring the vertical distribution 
of ozone are all, however, unsuitable for such an investigation for one reason or 
another. The transport of ultra-violet spectrometers on balloons or rockets is too 
difficult and expensive for routine work. A radio-sonde using filter techniques 
would provide a possible solution but a reliable instrument has not yet been developed. 
Direct chemical measurements are accurate and simple but they have not yet been 
made at levels above those which can be reached by aircraft. Again it is quite 
possible that the techniques could be improved and measurements made at higher 
levels, but this does not seem to be a likely prospect at present. Generally speaking 
it is much better to perform routine observations from the ground if this is at all 
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possible, and the only available method is based on a study of the “inversion effect”’ 
in the scattered light from the zenith sky. Unfortunately the role of multiple scatter 
ing has not yet been properly worked out and it is not known how far the results are 
reliable. 

In view of these various objections it was decided to investigate in detail a method 
proposed by STRONG (1941), which yields only one parameter connected with the 
ozone distribution, but which can be carried out with ease from a ground station. 
The intensity of absorption by the 9-6 band of ozone is known to be a function of 
the ozone amount, the air pressure and the temperature. The temperature has little 
effect on the integrated band area since the band is a fundamental and since the 
vibrational partition function is sensibly unity for temperatures below 300°K. 
Thus an observation of the band area together with a knowledge of the total ozone 


amount leads to a mean pressure, or a mean height for the atmospheric ozone. 


2. OBSERVATIONS 
Solar spectra, of which Fig. | is an example, were recorded as frequently as possible 
during 1952 at the Cambridge Solar Physics Observatory, using a double-mono 


chromator containing rock-salt prisms (total basal length 16¢m). The 9-64 band 


The solar infra-red spectrun tv 
L000 em Note the change of amoplit rain at 10-97 


occurs ina region where water-vapour and carbon dioxide absorptions are a minimum ; 
nevertheless it will be seen from Fig. | that groups of water-vapour lines absorb 
sufficiently strongly to interfere seriously with the fitting of a background as required 
for equivalent width measurements. The background chosen was based upon the 


atmospheric transmission measurements of GEBBIE, HarpiInGc, Hitsum, PRYCE, 


and RoBeErTS (1951), and upon the known shape of the 9-6 band from laboratory 
spectra. 

The amount of ozone in the path was known from the regular daily measurements 
made at Oxford by Sir CHARLES NORMAND using a DoBsON spectrophotometer. The 
relation between equivalent width, ozone amount, and mean pressure was obtained 
from an extensive series of measurements made in the laboratory. From these data 
the mean pressure of the ozone layer could be calculated for each day of observation. 


tory observations, consisting of an average of just over four spectra per 
obtained on ninety days between Ist April and 17th November, 1952. 

ve of all measurements of the height corresponded to about IS km. Run 
means over eleven days of observation showed a marked seasonal trend with a 


im mean height of approximately 15 km at the beginning of August, as shown 


» this unexpected seasonal trend, a second remarkable result emerged 


iunalysis. It was found that departures of log p and of m from their 


pa i 


| 
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short-period variations) showed a significant negative cor 


ozone amount h. the mean 


ibnormally 

corretations with neteorological elements were sought, but none were 
found, and in fact when reasonable estimates are made of the experimental error and 
when ac ul is taken of the variance due to the zenith angle effect which is men 
tioned in the next section, It ippears that the seasonal tren ind the short period 


correlati ith ozone amount account for all the obser, iriance of log p. 
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Interpret ition of these two interesting results Involves two difficult problems 

is to the exact meaning of the derived mean pressure, and secondly as to the 
importance of unavoidable systematic errors in the analysis 

According to some computations by CURTIS (1952), the pressure which has been 


» oven ipproximately by the average 
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If this relation held exactly then the observed pressure would be independent of the 


zenith angle. The extent to which the observed pressure in fact depends upon zenith 


angle may be estimated from CuRTIS’ computations and it can be shown that the 
dependence should be insignificant. Since the ozone density increases with height 
up to 25 km, approximately equal contributions to the integral {pdm come from the 
troposphere and the lower stratosphere, and the observations therefore give mixed 
information about the two regions. 

The problem of systematic errors is less readily settled. Experience in fitting back 
cround curves to the observed spectra gives the Impression that the result must be 
influenced to some extent by the general level of background absorption, which will 
in the main be a function of the zenith angle and the atmospheric water content. 
\s far as could be judged this unwanted influence could have almost as great an 
effect upon the measured band area as the inferred pressure changes could have. The 
reality of the two results of the last section must therefore be established in the 
face of this difficulty, particularly since both are quite unexpected on the basis of 
present ideas about atmospheric ozone. 

A detailed statistical analysis of the derived pressures was therefore made which 
appeared to show that the effect of atmospheric water content was random, and that 
the effect of zenith angle, while significant, could not influence the conclusion that 
the seasonal trend and the short-period correlation are real effects which must be 
explained. 

It is just within the bounds of possibility that the short-period correlation could 
be explained by small systematic errors in our laboratory results. This suggestion 
can be dismissed if the results can be interpreted in terms of the known line structure 
of the band with suitable shapes for the individual lines. This we are attempting 
to do, and the present indications are that such errors as exist in our data are random 
and could not introduce systematic errors into our interpretation of the observations 

It is also just possible that despite the fact that the 9-64 band is a fundamental 
the effect of temperature upon the distribution of rotational line intensities could bi 
partly responsible for the observed seasonal trend of the mean pressure. A rotational 
analysis of the band is required before this question can be settled conclusively 
and such an analysis has not vet been made. A simple analysis based upon the 
doublet separation of the P and R branches indicates, however, that the effect 1s 
too small by a factor of 20 to account for the observed seasonal trend. 

It is not to be expected that observations cont uning such limited information as 
those described here can lead uniquely to a theory of all the observed variations of 
atmospheric ozone. Their importance will lie in the empirical test which they provide 
ol any theories developed on the basis of chemical and photochemical reactions and 
itmospheric motions. Such theories are not yet at the stage where they can be 
properly examined in this Way. It is true that simple theory suggests that ozone 
increases should be connected with a lowering of the centre of gravity and hence with 
an increased mean pressure, which is contrary to the observed negative correlation 
between these factors. However the mean pressure will depend to a considerable 
extent upon tropospheric concentrations about which present theory can say almost 
nothing. 

Two hypotheses have been examined to explain the seasonal trend. Firstly that it 
is entirely caused by variations of concentration in the troposphere and secondly 


that it is caused by movement of ozone between two layers at 16 km and 26 km 


respectively. The , are unimportant since neither explanation IS likely to be 
correct by itself, but is of interest to note that both can be made to explain the 
seasonal change of mean pressure without contradicting any results established 


by other methods of measuring the vertical distribution of ozone. 


+. LONCLUSION 


preliminary investigation indicates that results of importance to atmospheric 

vsics ma\ be deduced from observations on the 9-6 ozone band in the telluric 
spectruni It is desirable that the main results should be established with a highet 
legree of certainty, and to this end observations have been continued through 1953 


1 pattern which is more suitable for detecting systematic errors. It was also 


red to make concurrent measurements of the emission temperature of the 


ver which can conveniently be made with the same apparatus. 


Atmospheric Ozone Near the North Pole 


K. DouciLas. G. HERZBERG 
Phys Nat R 


\s is well known, the ozone layer of the upper atmosphere is responsible for the 
ibrupt termination of the spectra of celestial bodies near 3000 A. Astronomers 
have naturally been interested in extending stellar spectra beyond 3000 A. In 192s, 
CARIO (1928) assuming that ozone is formed photochemically by solar light from 


ordinary atmospheric oxygen, suggested that in polar regions during the arctic 


night the ozone lave! may be reduced in thickness o1 entirely disappeal und that it 


might thus be possible to extend ustronomical spectra beyond SO00 A. However. al 


that time. as was quickly pointed out by Dopson (1929), t hen-available evidence 
indicated a definite and strong increase of the ozone layer from low to high latitudes. 
More recent observations (A. and E. Vassy, 1941: TonsBerG and OLSEN, 1944: 
PENNDORF, 1950 suggest that there is a maximum thickness of the ozone lave al 
about 60° latitude and that at higher latitudes the thickness decreases. Therefore, it 


appeared worthwhile to make use of an opportunity that was offered by the Royal 
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Canadian Air Force and the Defence Research Board to make a determination of the 
ozone layer during a flight to the North Pole during the full moon period of 
January, 1953. 

A medium Hilger quartz spectrograph was installed in a North Star aircraft as 
shown in Fig. 1, in such a way that the spectrum of sunlight reflected from the 
Moon could be taken while the aircraft was in flight. Since the Moon was expected 
to be 25° above the horizon, one of the side windows made a convenient opening in 
the aircraft wall. The plastic window was replaced by a double quartz window, the 
space between the two quartz disks being sealed except for a breather tube packed 
with silica gel to absorb moisture. This was very satisfactory and no frosting of the 


window occurred even when the inside temperature was about 16°C and the outside 


| GHT FROM 
THE MOON 
DOUBLE 
AIRCRAFT WALL 


MIRROR 


below 10°C. The mirror and spectrograph were mounted in such a way that 


spectra could be taken easily with the aircraft on any course or with the Moon at any 


altitude within 20° of that planned. The mirror was on a gimbal mount and the 


image of the Moon was held on the spectrograph slit by hand. There was no difficulty 
in keeping the Moon steady on the slit to within about half its diameter. 
The single flight which occurred on 27th January, 1953, was planned so that when 


fying directly from Thule to the pole, roughly along the 7Ist west meridian, the 


Moon would be on the starboard beam of the aircraft as we crossed the 85th parallel] 
of latitude. Three sets of exposures were taken between latitude 85° and 90° north. 


Yach set consisted of four exposures of 20 sec. min, 3 min, and 9 min, with a 
| | t ted of f f 20 | } nd 9 min, witl 


fairly narrow slit, and a fifth exposure of 9 min with a slit roughly three times as 


wide. The last exposure (3 min) was completed within 5 miles of the north geographic 


pole. The height of the aircraft was about 3400 m. 
All the spectra were developed successfully after returning to Ottawa. 
three and a half weeks later, a similar series of 


Ottawa with the Moon at the same 


Just 


before the next full moon, about 
exposures was taken from the laboratory at 
altitude (within 2 or 3°). The same instrument, mirror and slit settings were used. 
Since the absorption in the lower atmosphere, due to haze and dust, would be different 


and the method of keeping the image of the Moon on the slit did not allow exact 


the North Pol 


duplication in times of exposure, the spectra were compared by selecting two. one 
at Ottawa and one during the arctie flight. which gave the same blackening of the 
plate in spectral regions above 3300 A where the ozone absorption would be negligible. 
Micr photometer traces of two such spectra are shown in Fig. 2. 

It is readily seen that the intensity of ozone absorption in the two cases is the same 
within the accuracy of measurement. Other test plates showed that the method is 
quite sensitive, since a comparable spectrum of the Moon at higher altitude showed a 
considerably greater extension into the ultra-violet and a spectrum of the Sun at 


] 


lower altitude showed a shortening of the spectrum. It is estimated that the difference 


tal ozone peneti ited at the two locations at the times of observation is 
an 25 per cent. 

At the time the observations were taken near the North Pole the Sun had not been 
shining at 50 km directly overhead (the ozone layer sometimes extends to this height 
it lower latitudes) for about 108 days and would not shine there again for about 
o4 days. The nearest sunshine on the 50-km lave would be over 1200 km from 
the pole. The measurements by ToNsBERG and OLSEN (1944) during the arctic 
night at Tromso (latitude 69° 39’) are hardly comparable because the Sun would be 
shining on the 50-km layer there every day even at the winter solstice. 

If the mean ozone thickness decreases at high latitudes. the large amount found at 
the North Pole on 27th January, 1953, may be considered as the result of a statistical 
fluctuation particularly since according to PENNDORF (1950) the scatter of individual 
values in mid-winter at Tromso (69° 39’) is especially large. However, during the 
1} hr it took to fly from 85° N to the pole no noticeable fluctuation of the ozone 
thickness was found. 

In the presidential address of the Royal Meteorological Society, NORM AND ([ 1953) 


quotes from a private communication by ToNSBERG in which the latter concedes 


that the low ozone values found by him in 1940 are “very doubtful’, thus supporting 
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NORMAND’S conclusion that there is no “‘ozone gap during the arctic winter. The 
result of the present work would be in agreement with this conclusion. 

At the time of the arctic sunset the ozone layer is irradiated much more strongly 
in the near than in the far ultra-violet and therefore photochemical decomposition of 
QO, without much new formation of O, from O atoms would be expected. In spite of 
that, the amount of ozone during the arctic night is normal at least on certain days, 
and this seems to require the action of air currents or an extremely slow approach to 
equilibrium. It would be interesting to follow the fluctuations of ozone as near the 


pole as possible. 
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Research in the Upper Atmosphere with High Altitude Sounding Rockets 


S. F. SINGER 


le Uppel atmosphere 

ot resea } It hh it last hecome possible 

ict with phenomena at various altitudes for 

most fundament which were previously 

ohly inferred o1 unknown. e.g. fe the solar ultraviolet 
rum. have now been brought within the scope of mea nent 

The present article “1 to bring toge 


gvether results obtained in this new line 


Ot reseal | md uso to point « 


h.to describe 


ut desirable rocket experiments 


and desirable developments of rocket vehicles. As a background, the first section of 


the paper indicates the scope of high altitude rocket experiments for research in astro 


physics and in the physics of the atmosphere. The second section deals more parti 


cularly with a description of sounding rockets currently in use, and discusses the 
inherent limitations imposed on experiments by the nature of present rocket vehicles. 
To bring out clearly the great value of this new technique, the main results of rocket 
research are summarized in the third section and compared with previously anticipated 
results. Future rocket experiments are briefly described in Section IV, where we also 
list certain desirable developments in the sounding rocket technique which would 
overcome some of their present limitations and make possible a further range of 
valuable measurements. 


I. Scope oF HigH ALTITUDE RESEARCH WITH ROCKETS 

High altitude research is by no means a new field. Aurorae and meteors have been 
described since earliest recorded times, but it is only in the last decades that full 
scientific attention has been turned towards the atmosphere, notably with spectro 
scopic and later ionospheric measurements With the development of modern 
balloon techniques in recent years, important advances have been achieved by 
carrying instruments up to altitudes of about 30 km, particularly in the study of 
cosmic rays an | ozone. 

For many other investigations, however, higher altitudes are necessary. This is 
simply due to the fact that although it appears that we can “‘see through” it, the 
atmosphere is not transparent to all radiations. Due to its absorbing properties, we 
can observe (at sea level) electromagnetic radiation in only two narrow bands: in the 
visible region (the region used for ordinary ‘seeing’ of cosmic phenomena and objects 
and in the radio-frequency region from about 10 m down to lem wavelength (the 
region used in radio-astronomy and solar-noise measurements). Radiations of othe 
wavelengths are absorbed and degenerated in various lavers of the atmosphere 

We are in an even worse p sition when we de il with incident particles. Those of 
low energy are soon brought to rest, and our knowledge of their existence is indirect 
and uncertain.* Going on to particles of higher energy, we soon reach the region of 
cosmic rays: there we are faced with a complexity of nuclear reactions within thi 
atmosphere which completely changes the character of the incident “primary 
particles, so that measurements at sea level, and even at balloon altitudes, do not 
give us complete information about the primary cosmic radiation. 

It is at this point that the sounding rocket manifests its great usefulness for high 
altitude research, by making accessible the regions above 40 km. This research can 
be divided into four general fields. The first is concerned with what one might call 
astrophysical phenomena, i.e. the study of extra-terrestrial radiation and corpuscles 
before they are absorbed or modified by the atmosphere: primary cosmic rays, and 
ultraviolet and X-ray emission from the sun. Here it is desired to carry the measur 
ing instruments to an altitude sufficiently great to get above any disturbing influences 
of the atmosphere. 

The second field, which might properly be called the geophysics of the earth's 


atmosphere, is concerned with the study of the properties of the atmosphere at various 
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iltitudes and includes such measurements as its pressure, temperature and density 
distribution. high altitude winds. the composition of the atmosphere, and its state of 
ionization 

Thirdly, it should be pointed out that the atmosphere can be considered as a 
giant /aboratory for studying a great variety of physical processes, and therefore of 


concern to specialists from many branches of science. We can learn about high 
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energy nucleal physics by observing the interactions oft the primary COSMIC rays at 


various altitudes. We can consider the upper atmosphere as an atomic physics 


laboratory (but without disturbing wall effects) by studying the dissociation. ioniza 


tion and excited states of molecules or atoms arising from collisions with incoming 


particles and photons: as a chemical laboratory where photochemical reactions take 


place is an electrical laboratory where large-scale motions of the atmosphere 


develop electromotive forces and produce currents which profoundly affect the 


earth's magnetic field; as a radio laboratory, when we study the influence of the 


ionized layers on radio waves; and also as a laboratory of acoustics, hydrodynamics 


and mechanics. when we study the propagation of sound. the tidal motions, oscilla 
tions and other large-scale motions of the atmosphere. 
Lastly, of course, high-altitude rockets can and have been used to study aero 


dynamics under conditions which are not easily reproducible in the laboratory. 


Il. Rockets AS VEHICLES FOR RESEARCH 


ay, scription of high altitude rockets’ 


Rocket high altitude research probably began in August 1945 when a WAC Corporal 
rocket (developed by the Jet Propulsion Laboratory, California Institute of Tech 
nology) was fired to an altitude of 70 km with a payload of 10 kg. This small research 
rocket, only | ft in diameter and 16 ft long, never gained acceptance as a sounding 
rocket, but it provided a basis for the design of the highly successful Aerobee rocket. 
The big impetus that started upper atmosphere research, however, was the capture of 
a large number of German-built V-2 rockets (Figs. | and 2). The operational 


characteristics of the V-2 are given in Table |, which has been adapted from the 


paper by NEWELL (1952). Since April, 1946, about seventy V-2 rockets have 
been fired by the U.S. Army Ordnance Department from the White Sands Proving 


Ground in New Mexico. Altitudes up to [80 km have been obtained, but many 


reached only considerably lower altitudes, and about 40 per cent cannot be said to 
have given satisfactory performance. <A significant altitude achievement of 390 km, 
however, was attained in 1949 by a two-stage rocket, a WAC Corporal launched 
from the nose of a V-2 rocket (Fig. 2 

With the supply of V-2 rockets being limited, a new sounding rocket, named 
the Aerobee, was developed by the Aerojet Corporation under the technical direction 
of the APL-JHU, and with the support of the U.S. Navy. The Aerobee (Figs. 3 and 4 
is an extremely simple rocket, designed specifically for upper atmosphere research 
It has no moving surfaces of any kind, and no FVroscopic suiding controls like 
the V-2. Stabilization of the Aerobee is achieved by launching it from a towe1 
which it leaves with a velocity high enough to obtain sufficient aerodynamic force on 
the rocket fins. Propulsion is accomplished in two stages: a rapidly burning solid 
propellant booster rocket develops high thrust at take-off, and then falls away while 
the sustaining liquid-fuel motor of the Aerobee takes over, gradually accelerating 
the rocket after 45 sec. to a speed of about 1-5 km per sec. near an altitude of 30 km. 
Kor most types of investigations its performance has been at least equivalent to 
that of a V-2 rocket. Some hundred Aerobees have now been fired with a large 
percentage of success, five of them from aboard a Navy vessel (Figs. 5 and 6) in 
order to study the latitude dependence of cosmic rays. 

Recently a large controlled rocket, the Viking, has been developed specifically for 
upper atmosphere research by the NRL, Reaction Motors Inc., and the Glenn L. 
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o. The Viking (Fig. 7) is similar in some respects to a \-2, but represents a 


largely independent engineering achievement. The Viking has some completely new 


teatures, €.g. a gymbal mounted rocket motor which is gyroscopically stabilized, 
thus keeping the rocket from executing any appreciable angular motions during the 

period: the Viking also has the highest mass ratio of any present-day large 
ocket. Nine NRL Viking firings have taken place, including one shipboard launching. 
One ot t} . Vikings. fired in December 1952. carried a pay load of 340 kg to an altitude 


of 218 kin. With further deve lopn ent ol the thrust motor the peak altitude can be 
raised considerably. 

In order to carry out cosmic-ray studies at high latitudes where launching facilities 
for large rockets would be difficult to set up, an inexpensive scheme has been devised 
for transporting some 15 kg of apparatus to altitudes at least 80 km (VAN ALLEN 
ind GOTTLIEB, 1954). The essence of the scheme is to mount the cosmic ray appara 
tus on a small “Deacon” rocket,* lift this entire assembly to an altitude of about 
15 km? with a large polyethy lene balloon. and fire the rocket in a nearly vertical 
direction (Figs. 8 and 9). In this way the aerodynamic resistance of the lower 
atmosphere is largely eliminated. During the summer of 1952 several successful 


launchings were carried out near the ge ymagnetic pole. 


Limitations o} rocke ls 


The advantages derived from the fact that it is now possible to make direct measure 


ments of the properties of the upper atmosphere, are offset to some extent by two 


basic limitations of present-day rocket techniques, which are of importance for many 
investigations (SINGER, 1953a) 


By (i) the short time (3—5 min) which the rocket spends 
in the upper atmosphere, and (11) the practical, as well as financial difficulty of 
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making frequent observations at a particular location, or of carrying out time 
correlated measurements at various geographical locations 


We will return to these 
points in Section IV. 


Other experimental limitations which are less severe and depend to some extent 
on the type of rocket, are the limited space and weight available for instrumentation 
the high accelerations, vibrations, aer ly namic heating. and the unpredictable angu 


lar motions of the rocket after fuel burnout.* Generally, the rocket instrumentation 


re with high l vunding rockets 


must be pressurized to prevent corona discharge and arcing from electrical 
equipment. More serious are the difficulties arising from the fact that the high 
velocity of the rocket, or even its presence, May influence certain of the measure 

ments, particularly those concerned with the structure of the atmosphere and its 
state of ionization. These points, however, are not troublesome for other classes of 
experiments, e.g. for spectroscopic measurements of the sun or for the study of the 
primary cosmic radiation. The main problem, therefore, has been to design experi 

ments to yield useful results in spite of these various limitations. They pose a real 
challenge to the investigator, and unfortunately make impracticable a large number 
of obviously desirable experiments. For example, in the study of the primary cosmic 
radiation it has been necessary to restrict oneself to the very simplest measurements 
and techniques, such as the use of Geiger-counter telescopes to measure the direc 

tional intensity flux of the primaries at various latitudes. The short times available 
had to be overcome by the use of large trays of Geiger counters, giving high counting 
rates. Special care had to be taken in the placement of the telescope in order to make 
negligible the disturbing effects of heavy material in the rocket (Figs. 10 and 11). 
In order to determine at each instant the direction in which the telescope Was point 

ing, the orientation of the rocket axis had to be determined with reference to the 
earth's magnetic field and the position of the sun, or by photographing the earth’s 


surface with rocketborne cameras. 


SOL fechniques Oo} rocket « vp riements 


» technical difficulties of doing successful rocket experiments are very severe. It 
is clearly not possible to operate as one would in the laboratory, where one can 
repeat a run many times over. Since supervision of the experiment is not possible 
and recovery in operating condition unlikely, the apparatus must not only be com 
pletely troublefree, but must also be provided with some means of in-flight calibra 
tion to judge whether its performance has remained stable during the course of the 
Hight. An occasional failure, whether of a minor component of the apparatus or of 
the rocket itself, may bring to naught an expensive experiment and many months 
of preparations. 

The pro ylem ot capturing data has been attended with oreat SUCCESS. Radio 
telemetering methods have given almost complete coverage and have been used 
extensively MELTON, 1948: MENGEL, 1951). In cases where physical recovery Was 
necessary, as €.g. In camera experiments where photographic film is involved, the 
problem has been to reduce the damage caused by the impact. A procedure has 
been developed for breaking up the rocket by means ol an explosive charge on 
the down-leg of its trajectory so as to spoil its aerodynamic shape and increase 
the air resistance. In this way the impact velocity can be reduced from about 
1 km per sec, where recovery is quite hopeless, to velocities of about one-tenth this 
value. The object which is to be recovered, e.g. the film, must of course be protected 
in a heavy metal cassette. An additional problem is the necessity to locate the 
impact area of the rocket in the large desert region of the White Sands Proving 
Ground. New types of parachutes, however, are making it possible to recover even 
large pieces of equipment in an undamaged condition. Quite recently, some fiber 
glass, silicone-rubber parachutes developed by the Aerojet Corporation were 


successfully used for recovering air-sampling bottles released from 400,000 ft. 


In addition to the installations in the rocket and on the ground which are directly 


\erobee rocket A-11 instru g. Il. Instrumentation of the Aerobee A-11 
mented for measuring cosmic rays from SINGER, MAPLE, BOWEN, 195la 


and the Earth’s magnetic field. This 


rocket was launched near the equator 
from shipboard. (From SINGER, 
MAPLE, BOWEN, 195la 
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concerned with the high altitude experiment, many pieces ol equipment follow and 
record the flight of the rocket. The flight trajectory ~and sometimes also the orienta 
tion of the rocket axis, can be obtained from the data of photo theodolite and radar 
tracking stations. In addition, the larger rockets carry radio-Doppler equipment 
for accurate velocity and trajectory determinations. For safety reasons the trajec 
tory of the rocket is continuously monitored visually during its burning stage: 
if there is any indication that the rocket is dey lating from its anticipated trajectory 
so as to land outside of the safe area, the fuel supply of the rocket, and therefore its 
thrust. is cut oft by radio control. 

Perhaps the greatest overriding difficulty in doing successful rocket experiments 
is to ensure that all of the more than a dozen groups concerned with prefiring 
preparations, launching and flight observations are ready with all of their complicated 


apparatus at the scheduled time. 


III. Resutts oF RockEeT RESEARCH 


We propose to summarize* here some of the results obtained from rockets about 


extra-terrestrial radiation (solar ultraviolet, solar X-rays, and cosmic rays), and about 


the structure of the atmosphere (temperature, pressure, density), its composition, its 
dynamics (winds and tides), its absorption and emission of radiation (ozone and air 
glow), and its electrical state (electron density and currents). As will be seen, in 
many cases rocket results have merely confirmed conclusions already arrived at 
from sea level observations: in many other cases they provide more accurate and 
reliable data than can be obtained by extrapolation from low altitude measurements : 
and in a few cases they have given us information which is completely new and some 


times unexpected. 


Solar radiation 


Among rocket experiments, those concerned with solar radiation occupy a place of 


special importance. Fundamental to both solar physics and the basic photochemical 


and ionization processes occurring in the atmosphere, the solar spectrum can at best 
be only roughly inferred from sea level observations and from theory. The effects of 
atmospheric absorption in the ultraviolet region are best illustrated by reference to 
Fig. 12. At sea level the lower wavelength limit is at 2900 A. 

The measurements of the solar ultraviolet spectrum are beset by the difficulty of 
rocket motion and short exposure times. Much effort has therefore been devoted 
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to designing devices which will keep the spectrograph pointed at the sun. A high 
“sun-follower’” has been developed at the University of Colorado under 


precision 
AFGRD contract (PIETENPOL, ef al, 1953). 

Using this instrument, a grazing-incidence-type grating spectrograph of high 
speed but low dispersion has for the first time recorded the solar spectrum in the 
Only the Lyman-alpha emission line of hydrogen (HL,) at 1216 A 


1200 A region 
could be discerned: its intensity outside the earth’s atmosphere was estimated to 


) 


be about 0-5 erg-cem~2-sec.—! (RENSR, 1953) 

The ultraviolet solar spectrum had previously been measured with conventional 
spectrographs down to 2100 A (DURAND, OBERLY, TousEy, 1947; HoprreLp and 
(LEARMAN, 1948), and very recently down to 1800 A by Tousry and his group at 
NRL. The apparent intensity of the solar continuum is found to fall off very rapidly 
around 2100 A. Very strong absorption occurs also in the region 2200-2800 A from 
atoms with relatively low excitation potentials, such as iron, calcium, magnesium, 
leading to a much reduced intensity in that region (CLEARMAN, 1953; DURAND, 


OBERLY. TousEY, 1949; JOHNSON, ef al, 1953); see Figs. 13a and 136. 

An entirely different approach for measuring the solar spectrum consists in the 
use of photon counters having response curves limited to narrow spectral ranges, 
due to the window material and proper choice of gas filling (FRIEDMAN, LICHTMAN, 


ind Byram, 1951 (Counters were made-up sensitive in the regions 1425 A to 


1650 A, 1180 A to 1300 A, and in the soft X-ray region. Of great interest from the 


points of view of photochemistry and structure of the atmosphere is the altitude 


dependence of the solar radiation in the vicinity of 1475 A (where O, has greatest 


absorption their results indicate that oxygen molecules dissociate into the atomic 


form near the 100 km level. 

ByraM, CHuuBB, FRIEDMAN, and GaILAR (1953) have measured the incident 
energy in the 1180 A to 1300 A region to be 0-1 erg-cm~?-sec.—! at the top of the 
atmosphere. This is rather lower than the value given by RENSE (1953); from the 
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exponential character of attenuation vs. equivalent air path they deduce that over 
90 per cent of this energy must be in the monochromatic emission line of HL,,. 
They also conclude that the HL, line is extremely narrow (< 1 A). 

In a recent Viking flight they exposed counters sensitive in different parts of the 
soft X-ray spectrum (Byram, CHUBB, and FRIEDMAN, 1953). The observed inten 
sities are given in Table 2. It is seen that the solar X-ray spectrum supplies 1—2 erg 


cm~2-sec,—}, 


more than adequate to produce the observed ionization of the E-layer. 


Using thermoluminescent Mn-activated CaSO, phosphors and suitable filters, 
TousEy, WATANABE, and PURCELL (1951) have investigated the spectral region 
1040 A—1340 A and the soft X-ray region. Their results are useful for order-of.- 
magnitude estimates. Burnicut of NRL (1949, 1952) and Brntines and Car- 
PENTER Of Baird Associates, Cambridge, Mass., have detected X-rays on photo 
graphic film through various filters. This evidence for the incidence of solar X-rays 
seems conclusive, but its intensity is uncertain; figures of 10° to 10"! quanta per 
cm?-sec. have been quoted. 

Rocket measurements of the solar constant are being made using a thermistor 
bolometer of short time constant. Preliminary results indicate a slightly higher 
value (by about 5 per cent) than the previous estimate of 0-131 w per em? (QuIRK, 
1950), 


Cosmic radiation 

Rockets have provided the first opportunity for observing the (primary) cosmic 
ray particles (mostly protons) beyond the appreciable atmosphere. The first measure 
ments using single Geiger counters (VAN ALLEN and TATEL, 1948) and later counter 
telescopes (GANGNES, JENKINS and VAN ALLEN, 1949) showed convincing evidence 
that after a maximum near 20 km (at White Sands. geomagnetic latitude 41°) the 
intensity falls off to a “plateau” value beyond an altitude of 50 km. This plateau 
intensity has also been measured at geomagnetic latitudes 0°, 50° and 58° with ship 
board-launched Aerobee rockets (VAN ALLEN and SINGER, 1950); and near the 
geomagnetic pole with balloon-launched Deacon rockets (MEREDITH, VAN ALLEN, and 
GOTTLIEB, 1955). The earth’s magnetic field acts as a momentum spectrometer (or 
energy selector, if the identity of the primary particles is known); the analysis of 
the results leads therefore to an empirical momentum spectrum of the primary 
radiation whose exponent is l-1 rather than the anticipated value of I-8 (ef. 
Fig. 14), (VAN ALLEN and SINGER, 1950). Another feature of the results is a latitude 
“knee observed near 58°, which implies a flattening of the primary spectrum and 
hence the absence of primary particles at the low energy end (VAN ALLEN and 
SINGER, 1952; VAN ALLEN, 1953). Its cause is not quite certain; an interpretation 
in terms of a magnetic field at the earth’s orbit has been critically discussed (SINGER, 
1952). 

The character of the primary radiation has been investigated, first by simple 
measurements of the average charge with “‘low-efficiency”’ telescopes (SINGER, 1949, 
1950b), followed by more refined work with pulse ion chambers (VAN ALLEN, 1951), 
and especially proportional counter telescopes (PERLOW, Davis, KissINGEerR, and 
SHIPMAN, 1952) to determine the flux of alpha-particles and more heavily charged 
primaries. Highly charged nuclei in the primary cosmic radiation have also been 
observed by YaGgopa (1950), whose exposed nuclear emulsions in rockets. Measure- 
ments of the east-to-west asymmetry of the flux at the equator were interpreted 
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without invoking the presence of negatively charged primaries (VAN ALLEN and 
GANGNES, 1950: SINGER. 1950b). 
Rocket measurements have also established the absence of an appreciable flux of 


rays above the atmosphere (PERLOW and KisstINGER, 195la, 1951b). This has an 


important bearing on the cosmic ray albedo (secondary radiation which is emitted 


from the atmosphere in an upward direction). Further information about the 
ilbedo has been obtained by studying its absorption (GOLIAN and Krauss, 1947; 


PERLOW and SHIPMAN, 1947) and furthermore. by comparing the observed directional 


distribution of cosmic ray flux with the distribution given Dy ceomagnetic theory 


Van ALLEN and GANGNES, 1950: SINGER. 1950a. 1950b 


Mic OMeTECOLrITES 


+ 


(‘onsidering particles on a Macroscopic scale. attempts ‘ » being made to detect 


micrometeorites by observing the pitting of polished surfaces exposed in rocket 
Hights and by measuring sound pulses on the nose cones of rocket (BOHN and 
NAbDIG. 1950 

WHIPPLE 1952) has estimated that the rocket results are in reasonable accord 
with figures from astronomical observations on interplanetary dust and the nickel 


content ot deep sea deposits. 


Structure ¢ thre uUppel atmos phe 
Early observations on meteors and on the anomalous propagation of sound, com 
bined with the discovery of a diurnal barometric oscillation. led to the concept ot a 


temperature increase above the stratosphere. Rocket experiments have not only 
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confirmed these ideas, but have given improved and more reliable values for the 
temperature as a function of altitude. All the pressure and density data obtained 


on the various rocket flights can be combined to provide an average set of values for 


the high atmosphere (RocKET PANEL, 1952). Using the gas law and the hydrostatic 


equation, the temperature-altitude curve for this ‘standard atmosphere’ can be 
calculated from the slope of the logarithmic pressure curve. These best available 
rocket data are presented in Fig. 15.* It may be noted (WuHtpPLE. 1952) that the 


Fig. 15 Atmospheric temperature, pressure, dé ty, and mean free path abov 


New Mexico. The temperature curve is based on the assumption of uniform dissociatio 
between 8O and 120 km, and of N, between 120 and 220 km. Adapted from Rocket 


1952 
temperature maximum in the neighbourhood of 50 km is 270° K, much lower than 
ground-based experiments had previously indicated, 

The most extensive set of pressure and density measurements in the high atmos 
phere is that obtained by Havens, Koti and LAGow (1952) at the NRL. The 
fundamental data were measures of ambient pressure at carefully selected points on 
the side of a moving rocket, and measures of ram pressure on the rocket nose from 
which the air density can be determined (HAvENS, Koti, LAGow, 1950). Recently, 
this group has obtained values for the density (HAVENS and BERG, 1952) and wind 


* No knowledge has been obtained regarding the typical range 


systematic diurnal or seasonal effects been established from the rocket 
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velocity (HAVENS and Spitz, 1952) at extreme altitudes. From the density measure- 
ments at 220 km one may deduce a particle concentration of only ~ 2 10° per ce, 
a surprisingly low value. 

A different approach for determining upper air temperatures has been employed 
by Ference’s group of the U.S. Army Signal Corps. They exploded grenades carried 
to various heights by Aerobee rockets, and determined the vertical velocity of sound 
and wind velocities from the times and the angles of arrival of the wave fronts at a 
number of ground receiving stations (FERENCE, 1952; WeEISNER, 1952). All their 
firings were made at night, in contrast to the daylight firings of the NRL. It is 
believed that the possible systematic errors of this method, including the effects of 
averaging in height, are very small. 

SICINSKY, SPENCER and Dow of the University of Michigan, under a contract with 
the U.S. Air Force. measured the surface pressure on the conical nose of an Aerobee 
rocket directly at the tip and at a short distance from the tip (SICINSKY, 1952). 
Application ot the Taylor Maccoll theory for conical projectiles led to a deter 
mination of the Mach number, and hence to the ambient air temperature. A 
second University of Michigan group under a contract with the U.S. Army Signal 
Corps measured the angle of the shock wave, and hence the Mach number, with 
in array ol probes near the nose of a V-2 rocket (BARTMAN, Lit and SCHAEFER, L950), 

\ novel approach for measuring atmospheric densities in a reasonably direct way 
has been attempted at the University of Michigan. A plastic sphere is ejected from 
the rocket and its rate of fall is measured with great accuracy by means of radio- 
Doppler equipment. From the deceleration of the sphere the drag and the atmos 
pheric density can be computed. 

In order to obtain the temperature from either pressure, density or sound velocity 
data. the mean molecular weight of the air must be specified. It has long been 
issumed that above 120 km all of the atmospheric oxygen is atomic, the transition 
from all molecular to all atomic occurring between SO or 90 km and the 120 km level. 
This was verified in September 1949 by rocket measurements of the altitude 
variation of solar ultraviolet intensities in the neighbourhood of 1500 A; FRIEDMAN, 
LICHTMAN and Byram, 195] It has been assumed in Table 3 that the dissociation 
of N, begins at 120 km and proceeds uniformly to completion at 220 km altitude. 
However, the existence of some contradictory evidence, ¢.g. the presence ot N, 
band spectra in high altitude aurorae, illustrates the importance of obtaining accurate 


measurements of atmospheric composition above 100 km (cf. below). 


’ . 7 
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With the advent of high altitude sounding rockets it has become possible to obtain 
air samples from the upper atmosphere from altitudes up to 70 km. Workers from 
the University of Michigan installed evacuated steel bottles in Aerobee rockets: 
these bottles were opened at predetermined altitudes and allowed to admit air, 
sealed a few seconds later, and recovered after rocket impact (HAGELBARGER, 
Low, Netty, NicHots and WeEnzeL, 1951). The most recent measurements 
(HACKETT, PANETH and WILSON, 1950) of helium, neon and argon relative to nitrogen 
in samples from an altitude of about 70 km, show the effects of diffusive separation 
(CHACKETT ef al, 1951: JONEs ef al, 1951). The effect was not found at altitudes of 
about 55 km (HAGELBARGER ef a/, 1951). This result is rather surprising since it 


indicates gravitational separation in a region where the temperature decreases with 


VC 


Table 3. Atmospheric data from rockets 
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(Based on Rocketr PANEL, 1952 
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height and where one might expect instability and, therefore, considerable mixing. 
The experiments are therefore being extended to higher altitudes and modified to 


investigate the possibility that the separation is spurious and due to the sampling 
technique used in the flights. 


Attempts are being made to perform in situ analyses of air by installing in a rocket 
the time-of-flight mass spectrometer developed by W. H. BeNNerr. Initial instru 
mentations were prepared by BARGHAUSEN, GANGNES and SPONSLER of the APL 
JHU but in two attempts the instrumentation failed. Further work on this problem 
is under way by the NRL (TowNSEND, 1952) and the AFGRD. Preliminary results 
show no appreciable change in the argon-nitrogen (A: N,) ratio in the interval 
95-137 km. It can be surmised from this and other evidence that the effects of 
mixing predominate over diffusive separation up to much higher altitudes. 


Ozone 


Because of its strong influence on the temperature distribution of the middle and lower 
atmosphere, ozone represents one of the most important minor constituents of the 
atmosphere. Its concentration at various levels has been determined by measuring 
the absorption of solar ultraviolet radiation in the Hartley absorption bands of 


09 2200 A) as a function of altitude. A group at the APL—JHU has 
Hights with quartz prism spectrographs in which the dispersed sunlight 
with photomultipliers in four different wavelength intervals and 

<1 to ground (HOPFIELD, JENKINS and Van ALLEN, 1950; VAN ALLEN 


IELD. 1952 Workers at the NRL used a similar method but took photo 
t various altitudes (JOHNSON, PURCELL, TOUSEY and WATANABE, 


dings il 
oth sets of experiments give the ozone concentration in the prey iously 


OT 


interval above 35 km (Fig. 16). The distribution of ozone below this 


ictual location of its maximum concentration is probably governed by 


factors. such as the motion of air masses \bove 35 km the ozone 


is found 1 ‘ase exponentially: this result is in good agreement 


oncentration calculated from photochemical theory (JOHNSON, PURCELL, 
| 
‘4 


und WATANAB The ¢ 


to ozone absorption in the altitude range 20-70 km 


Nn used TO calculate the 


temperature 


JOHNSON 1953 


Day wardiou 


The emission of faint light in the night sky from excited atoms and molecules in the 


ippel itmosphere has led to many theories to eXxpl iin this excitation. The altitude 


theoretical considerations. 


emitting lavers is of crucial importance in these 


rocket measurement 


of the daytime airglow has now been made by a group 


the AFGRD (Miney. CULLINGTON and BEDINGER, 1953). The light intensities 


in selected wavelenot bands in the region 4260 A to 6360 A were measured with 
photocells mounted behind narrow filters. Between 40 km and 136 km they find 
‘actically no variation in the intensity: they conclude, therefore, that the origin 


urglow lies above 136 km. 


SOY 


Their observed intensities are higher by about 10! than those of the night airglow. 
and much larger than predicted by existing theories. These investigations are being 
re-checked, and extended to higher altitudes 


lonization 


In the first measurement on the F-layer of the ionosphere by the BRL (BERNING, 
1951), the phase delay of radio signals was used to obtain effective electron densities 
in the region from 170 km to 380 km: this experiment was conducted in the remark 
able W AC-Corporal > V-2 combination launched in February 1949. The delays 
were obtained from the difference of the (calculated) vacuum trajectory of the rocket 
and the (apparent) trajectory obtained from DOVAP Doppler Velocity and Position 
data. In this highly accurate tracking system a radio pulse signal is emitted from 
ground to rocket, there doubled in frequency, and retransmitted to ground receivers. 
The Doppler shift measured depends mainly on the real rocket velocity but also on 
the refractive index for the radio-wave in the vicinity of the missile. 

The NRL has been engaged in a program of ion density, electron density, index of 
refraction, and propagation measurements in the ionosphere. In each case a 4-274 me 
signal and its 6th harmonic were radiated from the rocket to ground receiving stations 
there the signals were suitably combined and the time variation of the phase difference 
recorded. From these data one can determine the ordinary and extraordin uy index 
of refraction of the low-frequency wave in the vicinity of the rocket as a function of 


rocket altitude. In this way one obtains a curve of actual electron density from 


55-145 km with a detection sensitivity of 10° electrons per ce (SEDDON 1953). Most 


of the points obtained were checked by means of the ordinary ray reflected from the 


IK laver. Some features of these initial measurements, particularly the high ion 


densities (up to 5 10° per ec) rep ted below the E laver are in surprising disagree 
ment with well established theories (BATES and Massey, 1951). A confirmation of 


I 


these first results in further experiments would, therefore, be of the greatest 


importance. 


The AFGRD group is conducting similar measurements in which the time delays 


experienced by pulses of varying frequency with reference to an undelayed UHF 
pulse) are used to deduce electron densities, and possibly ion densities and collision 
frequencies. Their results have shown interesting details of electron density distri 
butions in the E layer, eg. bifurcations and more complicated stratifications 
LinN, ef al., 1953). 

A group at Boston University under AFGRD contract has made radio propagation 
studies using rockets. Pulses from a distant transmitter are received in the rocket 
and also on the ground. The response of the rocket receiver is then transmitted to 
eround recorders. 


Magne tic measurements and Lonos phe re currents 


With magnetometers mounted in Aerobee rockets, three separate measurements 
have been made of the altitude variation of the earth’s magnetic field up to 105 km 
(Maple, BowEN and SINGER, 1950a, 1950b). The purpose of these experiments was 
to look for discontinuities in the magnetic field these would indicate the flow of 
currents which are held responsible for the diurnal variation of the earth’s magnetic 


field which is observed at sea level. In a flight near noon on the magnetic equator 


at an altitude of 93 km (Fig. 17) 


was indeed found, beginning 
he discontinuity is reached by the rocket at an altitude of 105 km, 


CGISCONTINUITY 


‘he top limit of 
s deduced by comparison with data taken nearby at the magnetic observatory of 
This measurement, therefore, indicates the flow of a strong west-to 
195la. 1951b). 


Huancavo, Peru 
tric current in the lower E-laver (SINGER, MAPLE and BOWEN 
lat region is found to be surprisingly high, about L000 times 
han conventionally ¢ ilculated. The conclusions drawn (SINGER. MAPLE and 
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PROSPECTS OF SOUNDING ROCKETS AND UPPER ATMOSPHERE 
EXPERIMENTS 

h iS hee n cained In the use of high altitude sounding rockets and 


x perience 
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atmosphere with high altitude sounding rockets 


It seems reasonable that three vehicles will efficiently fill the needs of future 
high-altitude experiments 


i) A plane-launched Deacon (type) rocket, as an inexpensive (~ S800) vehicle for 


synoptic observations of the stratosphere and chemosphere (up to about SO km) at 
various geographical locations. 
i] 


A stabilized Aerobee rocket, a medium-priced (~ $25,000) vehicle, capable of 


higher payloads (~ 75 kg) and higher altitudes (~ 250 km) than the Deacon. 


oft about 


Wh 


ii) An improved Viking (type rocket capable of taking heavy equipment to 


extreme altitudes. 
The remainder of this section will be concerne 1 with desirable experiments within 
the framework of these three sounding rockets. 


) ] : . ‘ 
Ror Kee fs foi synoptic observations 


One of the main limitations of present day rockets is the fact that it is possible to 


make only a few launchings each year, generally from only one location (White 
Sands. New Mexico). Fo many important investigations it would be desirable to 
conduct rocket observations more frequently, even though the payloads and the 
peak altitudes may not be excessively high. What is needed, therefore, is a method 
which combines the following features: (i) a cheap rocket (about S800); 


(li) an 
inexpensive and easy method of launching: 


(iii) the possibility of making launchings 
at any geographical location, for example, over the open sea and over the inaccessible 


polar regions or desert regions: (iv) the possibility of making a number of launchings 
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within a short time interval, perhaps as short as a few minutes; (v) the possibility of 
controlling the time of firing to an accuracy of a few seconds in order to correlate it 
with occurrences observed from the ground; (vi) the possibility of making time 
correlated measurements at two or more geographical locations. 

An approach to these points which might offer the first real possibility for sy noptic 
rocket observations, would be provided by launching a small rocket from a high 
Hying (piloted or pilotless) aircraft (SINGER, 1953b). 
This suggestion arose from the pioneer experiments 
of the University of lowa group (VAN ALLEN and 
GOTTLIEB, 1954), in which Deacon rockets were 


tila River, 


launched from balloons (vide supra). 


( 


Further importance advantages of the aircraft 
launching method are apparent : 

(i) it eliminates inevitable and uncertain delays, 
which are inherent in balloon launchings and depend 


Distance 
illo Mountains, ‘ 


on surface wind conditions, plus the time it takes 
the balloon to reach altitude: (ii) in addition, the 
aircraft firing does away with the logistic difficulties 


lon 


Mountains, 


and expense of transporting helium, balloon launch 


TOO mile 


ing crew and equipment to the desired launching 


location: (iii) a further consideration is the fact that 
the actual location of firing, and therefore the 


Mateo 


probable impact area, can be controlled to much 


San 


narrower limits than with balloons which are subject 


to wind conditions; this greatly simplifies the range 


safety problem. 


ve 


The uses to which such an inexpensive research 


rocket can be put, are very wide and likely to be of 


Distance 


alifornia, 
Sandia 


importance in many investigations in the upper 


atmosphere. The region between 40 km and 80 km* 


) 
De 


is an interesting one from the point of view of the 


The 
sq mile 


oft ¢ 


structure of the atmosphere. Since the Deacon rocket 


up. 


Mexico, 


is not stabilized? and since it might not be worthwhile 


SOOLOO0 


to install aspect-recording devices such as have been 


Mc 


Ne W 
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used for larger rockets, a different, and perhaps 
simpler approach will have to be taken in some 


rollon 


Albuquerque, 


from 60 mile 


of the measurements. Certainly, measurements of 


Mos 


1. Mexico, 


ambient air pressures in the interesting region will be 


view 
approximately 


helped by the lower rocket velocities. The Michigan 


is 
KEY: 


Reservoir, 


falling sphere method or the SCEL technique of 


exploding grenades at high altitudes (FERENCE, 1952: 


shown 


00 miles. 


WEISNER, 1952) could readily be adapted for studying 


Taylor, 


the latitude, diurnal and seasonal variations of upper 


‘ 


arlos 


( 
Mount 


* The synoptic investigation of this region for the various pur} 
below will be of particular importance during the forthcoming 
Geophysical Year (1957-58) 

It would not be difficult to obtain a certain amount of gyros 
by imparting a high angular velocity to a small flywheel whose 
along the rocket axis: this could be done from the launching aire: 
of compressed air or electrically just before the actual firing 


san 


horizon ts 


gh altitude sounding rockets 


404 researc! n the upper atmosphere with hi 


all lem pe atures and winds. Studying the composition of the upper atmosphere with 
air sampling bottles or mass spectrographs should be very appropriate since the time 
spent by the Deacon rocket between 70 km and 80 km is over 90 sec., as compared 
to less than 15 sec. for the standard Aerobee rocket. The accuracy to which the 
time of firing can be controlled, plus the easy accessibility of the rocket until just 
a few seconds before firing, make very feasible a scheme proposed by SIMON 
1949) for collecting a much larger air sample by means of a liquid hydrogen 
condensation pump. 

The intriguing possibility has been suggested (BaTres, 1952) of releasing material 
from a rocxet so as to change the concentration of certain rare atmospheric consti- 
tuents. such as sodium. Even a small increase in the interval 70-80 km might 
produce spectacular results in the light emission from the night sky. Again, the long 
time which the rocket spends in the interesting region may help make this experiment 
possible. 

Of particular meteorological importance would be regular synoptic measurements 
of the ozone content in the chemosphere using ozone detectors not requiring a 
sun-follower and spectroscope, such as photon counters or ultraviolet-sensitive 
photocells with suitable filters. Actual measurements of the vertical distribution 
of ozone would provide valuable calibrations of the zenith angle method used in 
sea level observations (GOETZ, MEETHAM and Dopson, 1934). It is seen possible 
not only to conduct simultaneous measurements at widely different locations of the 
ozone content and its altitude distribution, but also to measure rapid changes at 


particulal location. This use of ozone as a “tracer” makes it possible to track the 


such data to tropospheric weather (DOBSON, BREWER and (WILONG, 1946) and to 
upper air temperatures would be of the greatest importance. Measurements in the 
highest lavers of the ozonosphere in relation to solar phenomena would provide a 
valuable check of photochemical theory. 

Another attractive opportunity for meteorological research arises from the 
possibility ol synoptic high altitude photography to study the distribution of clouds 
over a large area. 

Essential to the understanding ol photochemical and ionization reactions in the 
uppel atmosphere are frequent measurements of the solar witraviolet and X- ra liation. 
They could be carried out without the necessity of sun-pointing and following 


devices. by uUsIng such wide angle detectors as photon counters 


A number of Lonos phere investigations suggest themselves Cay. determination of 


the distribution of high altitude electric current systems in the auroral zone during 
different geomagnetic and auroral conditions by means of rocket-borne magneto 
meters, and radio propagation experiments to measure ion and electron densities. 
The low rocket velocity would simplify also more direct methods for determining 
ion densities to check theoretical predictions for this important quantity (BATES 
und Massey, 195] 

The altitudes reached by this rocket are of special usefulness for certain types of 
cosmic-ray experiments. For studying fluctuations of the position and extent of the 
low energy cut-off in the primary radiation (VAN ALLEN and SINGER, 1952), it would 
be desirable to make time-correlated measurements at various geomagnetic latitudes. 
These fluctuations, correlated with solar phenomena, of the extremely soft com 
ponent of the primary radiation, which may enter at very high latitudes only and 


id vertical motions of air masses over the earth’s surface. The relation of 


QO5 


which is unable to penetrate more than about | gm per cm? thickness of matter, 
are thought to be the most sensitive indicators of solar effects on electromagnetic 
conditions in interplanetary space. It may be pointed out again that the use of 
high-altitude rockets at high geomagnetic latitudes would allow us to extend our 


knowledge of incoming corpuscular radiation down to an energy as low as 5 Mey 


(protons). The short time which the rocket spends above the appreciable atmos 


phere (above 50 km for cosmic ray purposes) constitutes no particular handicap, for 
omnidirectional detectors giving high counting rates can be used: a statistical 
accuracy of one per cent is easily obtainable. 

Compared to ground-launched large rockets, a programme of aircraft-launched 
rockets would not only be within the scope of a much more modest research budget 
but would actually make possible studies of physical problems of the atmosphere 
and studies of extra-terrestrial radiation which are outside the range of. but com 
plementary to, present-day high altitude rocket experiments. It would, in fact, put 
rocket research on much the same basis as weather balloon sondings o1 ionosphere 


radio sondings. 


Stahilized Aerohee rocket 


The Aerobee is one of the two sounding rockets in common use for upper atmosphere 
research at the present time, and the only one in mass production. Some development 
of the Aerobee is still being carried on with a view towards obtaining higher altitudes 
without radical design changes; by an increase in propellant capacity and burning 
time, combined with a decrease in tank weight, it is hoped to reach a peak altitude of 
about 250 km. 

As becomes apparent from a study of the possibilities for improved experiments 
another useful, and perhaps more fundamental development would be the stabiliza 
tion of the Aerobee rocket against angular motions of the rocket axis.* Such 
stabilization is obtained during the burning period due to the aerodynamic forces in 
the denser atmosphere. At burnout, however, the rocket generally receives an angulat 
impulse which causes its axis to undergo (unpredictable) gyrating motions. For many 
experiments it is necessary to reconstruct the aspect of the rocket axis afterwards 
from photocell and magnetic data, or from high altitude photographs. 

A stabilization scheme using small auxiliary jets or rotating wheels might provide 
us with a stable platform for doing improved experiments. Density measurements, 
some of which depend critically on knowing the angle of attack of the rocket. 
would require smaller corrections. It would greatly simplify measurements of solar 
ultraviolet and X-rays, and ozone determinations using the spectrographic technique, 
all of which require at present elaborate sun-following devices. A stabilized rocket 
has very definite advantages for ionosphere radio measurements: this is due to the 
fact that motions of the rocket body, and therefore of the antenna, may introduce 
phasing errors and reflections which lead to some difficulties in the interpretation of 
the results. The accuracy of measurement of tonosphere currents with magnetometers 
could be improved to take full advantage of the inherent sensitivity of the instru 
mentation and so make it possible to measure the detailed distribution with altitude 


of the current. Such measurements. if conducted at various times, could give us 


[The Aerobee also spins about its axis of symmetry, butt 
circumvented by a simple one-dimensional sun-followet 
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direct knowledge of the height of the lunar currents. and of magnetic storm currents 
in the ionosphere. 

A stabilized rocket reaching an altitude of 250 km would be capable of giving 
additional time above the appreciable atmosphere for experiments on the primary 
cosmic radiation. It might then be worthwhile to attempt measurements with in 
herently low counting rates, é.g. the detection of the possible existence of primary 
neutrons in the cosmic ray flux, as well as measurements of the flux of the less intense 
components of primary cosmic rays, such as primary alpha particles and heavier 
nuclei. With a stabilized rocket also. directional measurements of the cosmic 
radiation would be much simplified. 

Another experiment of great astrophysical importance, which could be carried 
out advantageously by a stabilized rocket, would be the determination above the 
atmosphere of the spatial distribution of the electron and dust components in the 
outer corona of the sun. These measurements of the K- and F-corona have so far 
been possible only during solar eclipses, but have not been attempted in rockets. 
A rocket experiment, because of the absence of scattered light from the atmosphere. 
should be able to extend the measurements over a larger range of solar radii. probably 
even into the region of the zodiacal light. A further advantage would be the 
availability of a much increased region of wavelengths, from the infrared to the ultra 
violet: polarization measurements should, of course, be included. This Opens up the 
possibility of an expansion in our knowledge of interplanetary conditions more fund: 
mental than heretofore realizable: e.g. the distribution in size and the space densit\ 


of interplanetary dust: its connection with the zodiacal light and sporadic meteors 


the possible anisotropy and alignment of dust grains by interplanetary magnetic fields; 


the formation and removal of dust grains and other problems bearing on the cosmogony 


of the solar system. The evaluation of such an experiment is in progress by the writer. 


Extreme altitude measurements 
For the very highest altitudes the Viking rocket or a rocket of similar design will 
undoubtedly be used. If long-range development plans are carried out, the Viking is 
likely to reach an eventual altitude of about 1000 km. This increase in peak altitude 
IS planned for by various construction changes of the rocket, which increase its mass 
ratio, and by using a much larger and improved thrust motor 

This rocket will, of course, be used to measure all possible properties of the 
atmosphere at these very high levels. One of the most promising attacks. and the 
one perhaps least likely to be influenced by the rocket itself. is a study of the absor p- 
tion of th various components of the solar ultraviolet radiation in the different layers 
of the upper atmosphere. Improved solar spectrographs for the ultraviolet and 
X-ray region are the most likely tools: a particularly desirable development would 
be a UV and X-ray spectrometer using yhotomultipliers, to allow the telemetering of 
intensities in the different spectral bands as a function of rocket altitude. The 
importance of obtaining direct knowledge of the solar ultraviolet spectrum cannot 
be overemphasized. It constitutes one of the important missing links in solar 
physics. Measurements of the complicated absorption of the solar radiation, as it 
penetrates the atmosphere, might provide not only the key to our understanding of 
the ionization and photochemical phenomena, but also evidence on the chemical 
and physical state of the upper atmosphere, viz. the presence of certain ionic, atomic, 


or molecular species with profound absorbing properties, etc 


For the investigation of the F-/ayers of the ionosphere, radio propagation measure- 
ments and measurements of ionosphere currents with magnetometers should again 
prove useful. However, because of the very low densities and correspondingly long 
mean-free-paths existing there, many of the present experiments concerned with the 
density, temperature, and composition of the atmosphere will have to be modified 
considerably. Rocket-borne time-of-flight mass spectrometers may be replaced 
simply by ion spectrometers. The suggestion has been made by O'Day to produce a 
corona discharge in the gas surrounding the nose of the rocket and observe the 
resultant spectrum. Certainly it is of the greatest importance to determine the com- 
position at the very high levels; e.g. by measuring the ratio of atomic to molecular 
nitrogen one may get the mean molecular weight, and therefore relate atmospheric 
densities to temperatures and scale-heights. Also, a determination of the degree of 
gravitational settling at the very highest levels would provide us with a means of 
deducing temperatures in the 500-1000 km region and the exosphere; this in turn 
leads to information on the mechanism for escape of light gases from the atmosphere. 

Further important investigations might be concerned with light emission from the 
atmosphere, 7.¢. the day and night air glow. Location of the actual heights of the 
emitting layers would throw considerable light on the mechanism of excitation; one 
may then be able to decide uniquely between photochemical theories (excitation 
through solar photons), and excitation through collision with either ionospheric 
electrons or even extraterrestrial particles. A further important area of investigation 
lies in the study of the various forms of aurora, of their connection with the airglow 
and of the corpuscular radiations responsible for auroral ionization and light emission. 
We are certainly on the threshold of fundamental discoveries, and it is far too early 
to say in which direction they could lead us. 

There are important investigations which require extreme altitudes, of the order 
of an earth radius or even greater; such altitudes can be reached only by step rocket 
techniques and demand instrumentations of very low weight. The outstanding 
problem is a measurement of the earth’s magnetic field at the equator to determine 
the location of the currents which cause magnetic storms. Another application is a 
novel method for measuring the primary cosmic ray spectrum, particularly at very 
low energies (“‘knee’’), free of the effects of cosmic ray “albedo” (secondaries) and 
of distortions of the dipole field. The method uses the altitude dependence of the 


cosmic ray flux at the equator (SINGER, 1955a). 


The Earth Satellite Research Vehicle a Sola Observatory 

It might not be inappropriate to speculate about the next step forward in high 
altitude rocket research. The ultimate height obtainable from an Aerobee-Viking 
(type) two-step combination with projected development brings us into the region 
where the question can be raised as to the feasibility of launching (from the Aerobee) 
a small instrumented rocket, such as a Deacon rocket, into an orbit where it would 
become, for a short time at least, an artificial satellite of the earth. 

A simple calculation based on energy considerations only, shows that the Deacon 
could easily achieve the necessary horizontal orbital velocity (~ 7-5 km per sec.) at 
altitudes up to about 500 km if a 1000 km peak altitude rocket provides the first 
step. Since it may only be a matter of a few years before such large rockets become 


available, it seems quite fair to regard the artificial satellite vehicle as a realistic 


project in terms of modern engineering knowledge. It has been said that the only 
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major difficulty standing in the way of the orbital rocket is its cost, which would 
be of the order of fifty modern bombers. But stated in these terms, even the financial 
problem does not sound insurmountable. 

There is little question that the satellite vehicle offers a challenging opportunity 
for astrophysical research, in particular for solar research. The chief advantage of such 
a research vehicle over conventional sounding rockets (assuming the latter to reach 
the same high altitude) is the long time spent above the atmosphere, which can 
now be measured in days, rather than minutes. It is this feature which would 
make possible continuous observations of solar phenomena and allow the study 
of their development and variations. To realize the full significance of this possi- 
bility, one need only consider how little could be accomplished in the study of 


the ionosphere, or geomagnetism, or meteorology, if observations were made only a 
few times each vear at one location. 
The main concern of the earth satellite rocket should be the co ordinated study 


of the character, intensity and time relation of the emission of ultraviolet, X-ray, 


and corpuscular radiation from the sun. These are phenomena which can only 


be studied above the atmosphere, and at the same time those which may give us 
the most revealing information about solar processes; particularly when the satellite 
data are related to solar phenomena which can be observed at sea level. such as 
solar flares, the passage ol sunspots, activity of the corona. radio noise bursts. 
aurorae. and ceomacnetic and ionospheric disturbances. 

Measurements of increases in u/traviolet and X-ray emission during intense solar 
activity are among the most valuable studies which can be made. because of their 
influence on our ionosphere and consequently on radio propagation; a properly 
instrumented satellite could therefore become a monitor of considerable practical 
importance. 

The satellite is ideally suited for studying intensity variations of primary cosmic 
rags asa function of solar activity. By using the earth’s magnetic field as a momentum 


4 


analy ser for. the charged radiation, the energy spectrum of the primary radiation and 
any changes in it can be determined. It is at present not well known which energy 
intervals of the primary radiation are affected when we observe at low altitudes 
sudden cosmic-ray increases associated with some solar flares, or large decreases in 
intensity, lasting many days, which sometimes accompany magnetic storms. Con- 


tinuous observations of the primary spectrum would furnish the most direct evidence 
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on whether conditions are obtained in the vicinity of the earth, which could lead to 
the acceleration or deceleration of cosmic rays (ef. Fig. 22). A reasonably com- 
plete description can then be given of the properties of cosmic rays which originate 
from, or are affected by, the sun. 

Of particular interest is the possibility of making measurements on the streams of 
ionized gas which are emitted by the sun. Such phenomena occur frequently; they 
sometimes lead to severe disturbances of the geomagnetic field. The following 
detection scheme suggests itself: a magnetometer, similar to those used in the 
ionosphere current experiments but located above the ionosphere, would act as a 
sensitive indicator of the compression of the earth’s magnetic field produced by the 
incoming ionized stream; it would also see magnetic changes produced by atmo- 
spheric currents, but these can be subtracted since they will appear in opposite 


»») 
) 


phase to changes observed at sea level (cf. Fig. 23). 


» 


‘ig, 23. Schematic diagrams of magnetic iriations (AH) observed by 


Magnetometer above ionosphere 
Magnetomete1 below imnospnere 
Variation due to external pressure of ionized gas 
B) Variation due to current flow in earth’s ionosphere 


A successful attack on these topics by means of the earth satellite may further 
our study of solar processes considerably. In turn, it would lead us to a better 


understanding of the processes in other stars, and perhaps shed some light on the 


origin of cosmic radio noise and cosmic rays. It would constitute a pioneering achieve- 
ment and a most significant advance in observational astronomy. 

A specific proposal which attempts to solve the difficult technical problems of the 
electrical power supply (for the instrumentation and for radio telemetering) and of the 
orientation of the satellite has been put forth by the author.* Launching errors in 
speed and angle determine the properties of the satellite orbit and thereby the life- 
time of the satellite. These points are crucial since they determine the amount of 
guidance required, and therefore the practicality of the whole proposal. + 

My conclusions about the worthwhileness and applications of a minimum orbital 
unmanned satellite can be summarized as follows: a Mouse would provide a far- 
reaching extension of present high altitude rockets in the study of the upper atmo 
sphere and extra-terrestrial radiations. Lifetimes of even a few days and payloads 
as low as 50 lb would be adequate to allow continuous observations of the solar 
ultraviolet and X-radiations which have a profound influence on the ionosphere and 
therefore on radio communications. The cause of magnetic storms and aurorae 
could be established with more certainty. Observations of cosmic rays would help to 
clear up the question of their origin. Various other astrophysical phenomena, such 
as micrometeorites, could be brought under direct observation. Measurement of the 

* “THE MOUSE—Minimum Orbital Unmanned Satellite of the Earth’ (SINGER, 1954) 


+ A detailed investigation has been made by the author (SINGER, 1955b). For a detailed account of power supply, instru 
mentation and telemetering problems see SINGER, 1955« 
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earth’s albedo (reflected sunlight) would give a measure of total world cloud coverage 


] 


which could be used to predict long-term climatic changes. Radio transmissions 


from the Mouse would send back all data and allow at the same time a study of the 
ionosphere. The change in the orbit and the lifetime would give information on drag 
+ 


rOre upper atmosphere densities, while observation of a luminous trail of 


ind there 
sodium emitted from the satellite would allow studies of winds, temperature, and 
rbulence 
The technical problems connected with the launching. control. and instrumentation 


{ 


the Mo 'sSE-satellite are well within range of present techniques. 


Within the scope of this article | have had to omit the individual contributions to 
yper atmosphere physics from sources other than the rocket field, in particular 
the pioneering contributions of E. V. Appleton, D. R. Bates, L. V. BERKNER, 
S. Cuoapman, G. M. B. Dopson, J. Duray, C. T. Etvey, E. O. HuLBurt, J. KAPLAN, 
F. A. LinpEMANN, D. F. Martyn, H. S. W. Massry, S. K. Mitra, M. NiIcouet, 
KE. Recener. M. A. Tuve, E. Vecarp, F. L. WaHippeie, and others. The reader is 
referred instead to the general bibliography (e.g. Bares, 1949: KurperR, 1952; 
Mirra, 1952). 

| wish to thank Capt. P. D. Loumawn and Dr. M. E. BELL, respectively Officer-in 
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(Charge and Scientific Director of the U.S. Office of Naval Research, London Branch, 


or facilit iting the preparation ot this article. The illustrations are reproduced by 
courtesy of the U.S. Department of Defense: I am indebted to Dr. H. E. NEWELL, 
Jr., of the NRL, and to Mr. A. THomas of the APL-JHU for supplying many of the 
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The Morphology of Geomagnetic Storms and Bays: a General Review 
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|. INTRODUCTION 


THE geomagnetic field has a slow secular variation, and fairly regular (solar and Iunar) 
daily variations: in addition, it is often disturbed in an irregular way, by the super 
position of an additional D (= disturbance) field. Methods have been devised 
CHAPMAN and BaRTeELs, 1940, Chapter 6; CHAPMAN, 1951, Chapter 2) to separate 
the transient (daily and disturbance) variations from one another, using as data the 
continuous records (and hourly tabulations therefrom) of the three magnetic elements 
or components of the field, obtained at about seventy magnetic observatories, 
unevenly distributed over the world. 

The transient variations thus observed at the earth's surface are due to super- 
posed varying fields mainly originating above the surface: but their primary fields 
induce electric currents within the earth, whose magnetic fields contribute a secondary 
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part to the surface varying fields. This discussion of the D field deals only with the 


primary external part. 


2. OVERHEAD ELECTRIC CURRENT SYSTEMS 

It is difficult to represent on a single map the distribution of a vector field over the 
earth’s surface, though it can be indicated by three isomagnetic maps, one for each 
element. However, as the transient variations are produced by electric currents 
not crossing the earth’s surface, the distribution of their primary external fields can 
be indicated by diagrams showing electric current systems which could produce these 
fields. It is convenient to take the currents to flow in a thin spherical sheet concentric 
with the earth, that is, at a constant height 4 above it. Such a current system 
corresponding to the primary P field will be denoted by C(D), where C' signifies 
current system (or sometimes current diagram) in a concentric spherical sheet ; 
h may be taken to be of the order 100 or a few hundred kilometres. 

Similarly the fields of the solar daily (S) and lunar daily (L) variations can be 
represented by current systems C'(S) and C(L); in their case it is believed that the 
diagrams represent current systems actually flowing in the ionosphere, concentric 
with the earth (CHAPMAN and BarTELs, 1940, Chapters 3, 4, 7, 8). 

The D field, on the contrary, is thought to be due only partly to ionospheric 
currents, and partly to currents far beyond the atmosphere, not distributed over a 
concentric spherical sheet. But this in no way decreases the value of the C(D) 
diagram as a means of representing the morphology of the D field—that is, its 
(changing) distribution over the earth’s surface, as it develops and decays. The time 
changes of the D field can be represented by a series of C(D)) diagrams for successive 
times—the ideal being a cinematographic presentation. 

Such diagrams indicate the current direction by lines of flow, and the current 
intensity by spacing them so that an equal amount of current flows between each 
pair of adjacent lines; the closer the lines, the more intense the current. 


3. ORIENTATION RELATIVE TO THE SUN AND TO THE GEOMAGNETIC AXIS 
Geomagnetic disturbance is due to solar action upon the earth, mainly corpuscular 
that is, by streams or clouds of gas (neutral but ionized) ejected from the Sun. 
Hence the distribution of the D field is closely related to the orientation of the earth 
relative to the position (or direction) of the Sun; and the C()) diagram is best 
illustrated either as viewed from the Sun, showing the sunlit hemisphere, with 
N(orth) pole uppermost (and also, if necessary, showing the dark hemisphere by 
another diagram, or by an extension of the diagram for the sunlit hemisphere) : 
or/and as viewed from above the N pole, showing the diagram over the N hemisphere 
with indicated orientation relative to the Sun. 

It is found that the D field is related to the geomagnetic rather than to the geo- 


graphic (rotational) axis of the earth; hence in the preceding paragraph N is to be 
taken as referring to the N pole of the earth’s geomagnetic axis (CHAPMAN, 1951, 
Chapter 2; CHAPMAN and BarTELs, 1940, pp. 105, 644, 701, 702), at 79° N, 70° W. 


Similarly, in this paper Jatitude will signify geomagnetic latitude ®. 


4. VARIABLES OF THE PD FiELp: Q, 7, f 
The D field will, therefore, be depicted by the current diagram C(D) relative to ® 
and to the geomagnetic longitude relative to the Sun, that is, geomagnetic local time T 
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reckoned in either angular measure or time); this is the angle, reckoned positive 
towards the east, between the geomagnetic meridian (through the geomagnetic axis) 
of midnight (opposite to that passing through the Sun), and that through the terres- 
trial surface point considered (CHAPMAN and BarTELS, 1940, p. 646). The earth is 
to be imagined as rotating eastwards within the /) field and C()) system thus 
depicted. 

The third variable for the D field is the time f, which may conveniently be reckoned 
from the instant of onset of the D field, when (as often) this instant can be recognized 
with sufficient definiteness. In particular, most great magnetic storms (the name 
given to the most intense and widespread disturbances) start suddenly, simul 
taneously to within a minute all over the earth. Time so reckoned is called storm time. 

Another distinct kind of magnetic disturbance is the polar magnetic bay, B; 
magnetic bay is the name given to a more or less simple departure from, and return 
to, the normal course of variation: a polar magnetic bay is one that is most 
intense in the polar regions (in contrast to those that represent a temporary aug- 
mentation, over the sunlit hemisphere only, of the daily variation fields). Time 
reckoned from the onset of a bay will be called bay time, and the current diagram for 


a pol ir Magnetic bay will be denoted by (8s). 


5. ACTUAL AND IDEALIZED REPRESENTATIONS 
Each magnetic storm has individual irregularities in its development, but there is 
also much similarity between different storms. It is useful to determine C(D) both 
for individual storms, at suitable epochs throughout their course, and also for an 
ideal “average” storm, inferred by suitably averaging the D fields and current 
diagrams of many actual storms, as functions of ® and 7’ at several epochs f. 
a) Pola) Magqnetic Bays. In the simplest case (CHAPMAN and BaRTELs, 1940, 


Chapter 10) of a polar magnetic bay, an ideal representation, assuming synchronous 


proportionate variation at all points ®, 7’, and in each element, would be a C(B) 


current diagram for the maximum epoch, and a graph of the intensity as a function 
of bay time f. 

bh) Magnetic Storms. It is hardly to be expected that a magnetic storm can be 
represented in a similar simplified way; but simplicity is approached by subdividing 
the averaged PD field into a part symmetrical around the (geomagnetic) axis—by 
considering for each element at each storm-time ¢ its average disturbance departure 
over all local-time longitudes 7’, for each latitude ®—and the remaining part. The 
former is a function of ® and f only, and is called the storm time part, symbolized by 
Dst (st for storm time). The remaining part is a function of (local time) longitude 7’ 
relative to the Sun, as well as of ®, ¢. Jf this part remained constant, each station 
revolving with the earth within the PD field would undergo a (solar) daily magnetic 
variation due to the DP field; this daily variation, as averaged over one or more days 
of disturbance, is called the disturbance daily variation (symbolized by SD—S for 
solar daily and PD for disturbance), which during disturbance is added to the solar 
daily variation (symbolized by Sq) characteristic of magnetically quiet days; the 
whole S is then the “sum” of Sg and SD. However, during a magnetic storm the 
second part of the D field does not remain constant—it changes with the storm time f. 
On account of its essential dependence on 7’, the (local time) longitude relative to the 
Sun, it is symbolized by DS (CHAPMAN, 1953). 

It seems that, to a first approximation, the Dst and DS component fields—and 
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their current systems C(Dst) and C(DS)—may each preserve a constant pattern 
throughout the storm, changing only in intensity (and possibly also, as is certain in 
the case of Dst, in sign). This is not definitely established, and is unlikely to be 
exactly true—particularly for great magnetic storms, during which the auroral zone 
which is intimately linked with the current systems C(D), C(Dst), C(DS), becomes 
enlarged in radius. However, in so far as the suggested approximation is valid, the 
development of the average features of a magnetic storm will be representable by a 
combination of two current diagrams, C(Dst) and C(DS), and two graphs showing 
their respective changes of intensity with respect to storm time ¢. Though less simple 
than the one current diagram and one intensity graph which may serve for a magnetic 
bay, these two diagrams and two graphs give a “condensed” representation of the 
D field, and from them can be constructed a series of ((D) diagrams for any desired 
number of epochs ¢ during the storm.* 

(c) Note on Notation. In the past | have denoted what is here written Dst, DS, 
SD, Sq by D,,, Dg, Sp, S, respectively. It is at the suggestion of Prof. J. BARTELS 
that, for ease in typing and printing, the suffixes are here transferred to the level of 


the dominant initial symbol. 


6. IDEALIZED REPRESENTATION OF AN AVERAGE MODERATE MAGNETIC STORM 
(a) Figs. | and 2 illustrate the first quantitative attempt to represent the morphology 
of the D field of an average moderate magnetic storm by C(Dst) and C(DS) diagrams 
(CHAPMAN, 1935), and by intensity-time graphs (CHAPMAN, 1953) for Dst and DS. 
Figs. | (a) and (b) represent C'(Dst) and C(DS) for an epoch (f about 13 hr) near their 
maximum development, which is not the same for both. Fig. | (¢) shows the combined 
system (C'(D) for that epoch. 

(6) In each part of Fig. 1, the left-hand diagram shows the current pattern as 
viewed from the Sun, and the right-hand diagram shows the pattern as viewed from 
above the N pole, as explained in Chapter 3. In the right-hand diagrams, the 
upward vertical from the centre represents the midnight meridian, and the down 
ward radius, the noon meridian. The horizontal radii to the left and right represent 
the meridians 6 a.m. and 6 p.m. (or 18 hrs) respectively, in geomagnetic local time 7’. 
The current flowing between adjacent lines in all the six patterns is 10,000 A; but 
in the densest part of the pattern, where the current assumes an approximately 
linear (concentrated) character—constituting what I have called an_ electrojet 

the lines are too crowded to be seen individually; even so, the current in the 
electrojets can be “read” from the diagram, by adding up the intervals between the 
lines of flow that converge into or spread out from the electrojets. 

(c) The electrojets coincide with the auroral zone; in Fig. | (a) the direction of 
their Dst part, as elsewhere all over the earth for C(Dst), is westward; the magnetic 
force below a current sheet (as at the earth’s surface) is in the direction perpendicular 
to the current flow, and to the left, looking in the direction of flow. Thus a westward 


flow produces a southward magnetic field at the ground, decreasing the (northward) 


horizontal intensity. Expressed otherwise, the direction of the current is obtainable 
by turning the disturbance horizontal vector AH clockwise through 90 

(d) In Fig. 1 (b), for C(DS), the electrojet is westward in the forenoon hemisphere, 
eastward in the afternoon. In the combined system C(D), in Fig. 1 (c), the westward 


* Such results will be given in a paper by M. SUGIURA and the writer, being in preparation at the time of completion of this 


article (Summer, 1953) 
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electrojet is stronger than the eastward, and extends over more than half of the 
auroral zone. The electrojet currents complete their flow mainly across the polar 
caps enclosed by the auroral zones, but a small part of them flows in the interzonal* 
region between the N and S auroral zones, in the westward direction, e.g. to the S of 
the eastward (N) electrojet. 

(e) In Fig. 1 (6) the interzonal DS currents flow round four “‘foci,”” lying not far 
outside the auroral zones, on the 6 a.m. and 6 p.m. meridians. Between the latitudes 
of these foci, the current flow is eastward over the forenoon hemisphere, westward 
over the afternoon hemisphere (though exactly E and W, only along the equator). 
Hence in this belt of latitude the DS (external) contribution to the disturbance 
change of horizontal force H—or DS(H) as it may conveniently be written—is 


ig Z Coury hows To he average of forty mode te 1 metic storms the storm time 


of Dst(H); curve (6) shows the corresponding storm time variation of the amplitude b 


Cf. Chapters 6a and 6e. Mean of eight observatories for mean geomagnetic latitude 37 


positive (to N) over the forenoon, and negative (to S) over the afternoon hemisphere ; 
in fact, according to Fig. 1 ()), 


DS(H) b sin (7 a). 


where 7’ denotes (local time) longitude measured in angle from the midnight meridian, 
and o is a phase angle which is here zero; the amplitude 6 is a function of ® (latitude) 
and of storm time f. Similarly the Dst(//) external contribution to D(H) is negative 
in all latitudes, at the storm time to which Fig. | (a) refers. 

(f) Fig. 2 gives, in curve (a), a graph of Dst(H), and in curve (b) a graph of 6 in 
equation (1), as a function of storm time ¢; both curves represent the whole (external 
and internal) part of Dst(H) and DS(H), as derived from a study of forty moderate 
magnetic storms (CHAPMAN, 1918; 1953), for a mean geomagnetic latitude 37 
(they are based on material from eight observatories in geomagnetic latitudes ranging 
from 18° S to 50° N). 


* The use of interzonal in this sense (CHAPMAN, 1935, p. 362) differs from, and seems preferable 
and VESTINE, 1942, p. 207, or VESTINE ef al., 1947, p. 361) to signify the polar caps enclosed by the z 
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(7) The ordinates of curves (a) and (6) in Fig. 2, for the epoch 13 hr storm time, 


to which Fig. | refers, may be seen to accord with the current intensity at latitude 
37° in Figs. 1 (a) and (6), on the following basis: the external part of the surface field 


may be taken, at a rough approximation, as being two-thirds of the whole surface 
field, to which Fig. 2 refers; again as a rough approximation, the magnetic intensity 
at a point below a nearly uniform current sheet (this does nof apply to an electrojet), 
where its intensity is 7 amperes per kilometre width, is 0-277 gammas (1 gamma 
10-° gauss): the H component (N or 8) bears this same relation to the E or W 
component of the current intensity. 
h) Curve (a) of Fig. 2 may be regarded as an intensity-time graph for Fig. | (a), 


if an eastward current is reckoned positive, so that the westward current in Fig. | (a) 
is reckoned negative, corresponding to the negative ordinate of curve (a) of Fig. 2 at 

13 hr: for any other time /, the current intensity (or current per interval between 
adjacent lines) in Fig. | (a) must be increased or reduced, or reversed in sign, accord- 
Ing as the ordinate of curve (a) is oreater or less, or ot opposite sign, as compared 
with that at 13 hr. Thus, during the first 3 hr of storm time, during which 
curve (a) has positive ordinates, the Dsf current is eastward. 

i) Similarly curve (6) may be treated as an intensity-time graph for C(DS) of 
Fig. 1 (6): the earlier part of this curve, drawn in broken line, is less certain than 
the later part, but the ordinates (4) seem always to be positive. The C(DS) current 
system reaches its maximum earlier than the C( Dst) (westward) currents, and decays 
much more quickly at first. 

j) It is not certain that the curves of Fig. 2 apply to the parts of the current 
systems in Figs. 1 (a) and (6) on the auroral sides of the DS current foci. The polar 
parts of Fig. | are not based on the same storms as those to which Fig. 2 refers; 
there were no adequate polar data for the forty storms mentioned. As often in ceO- 
magnetic research, disparate material had to be pieced together for different parts 
of the diagrams. because of the paucity of high latitude magnetic observatories, 
except during brief intervals such as the two International Polar Years. 

In addition to some uncertainty as to the relative strength, and the proportionate 
variation with time. of the polar and interzonal parts of Fig. 1, this figure is over- 
idealized, in part consciously, as regards the orientations of these two parts of the 
current pattern about the earth’s axis, relative to the Sun. As Fig. | (a) is symmetri- 
cal about the axis, the last remark applies not to C(Dst) but only to C(DS), which 
then determines the orientation of C(D)) also. The orientation shown in Fig. 1 (6b), 
with symmetry about the noon-midnight meridian plane, was adopted as a simple 
and definite “‘first approximation.” Fig. | may be regarded as a deliberately idealized 
approximate pattern devised to serve as a useful standard of comparison for the 
current systems C'(D)) of actual magnetic storms. 

(k) It may be added that the time scale of magnetic storms varies with their 
intensity the greater the Intensity, the more rapidly does the storm develop and 
decay (see CHAPMAN, 1918, p. 65; or CHAPMAN and BARTELS, 1940, p. 277; or 
CHAPMAN, 1951, p. 85). 


7. THE CHANGING AVERAGE ORIENTATION OF THE INTERZONAL DS AnD 
D CURRENT PATTERN 
When Fig. | was first drawn (CHAPMAN, 1935) the study (CHAPMAN, 1918) of the 


morphology of the interzonal part of an average moderate magnetic storm, begun 
‘ l=) 
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in 1917, was not quite finished, as now, by the determination (CHAPMAN, 1953) of 
the storm-time change of amplitude 6 (Fig. 2, curve 6) and orientation or phase o 
(cf. Section 6 (e)) of the interzonal DS current system. Figs. | (6) correspond to 
o = 0. Actually, for the average of the forty moderate magnetic storms that form 
the basis of that morphological study, it is found that o in general differs from zero, 
though it is fairly small; it is not yet well determined during the first few hours of 
storm time, but it seems not unlikely that it is about 15° up tof 6 hr. During 
the next 8 hours of storm time it increases (algebraically) and changes sign, to 
about + 20°, at which value it remains nearly constant during the succeeding 
day; after that, b has become so small that o has not (as yet) been reliably 
determined. 


These statements about o imply that the orientation of the interzonal part of the 


DS current pattern, between the foci (Nection 6 (¢)), differs somewhat from that shown 
in Fig. 1 (6); in the early hours, up to about ¢ = 6, that pattern should be turned 
eastward, about the geomagnetic axis, by about 15°; during the next 8 hours it swings 
westwards by about 35°, till it is 20° westward of the pattern as shown; and so far 
as our present knowledge goes, it retains this orientation during the decline of 
intensity of the DS currents. These statements about the orientation are based on 
averages over forty storms; it is likely that in actual individual storms the times 
and angles will depart from the values given. 

It may be expected that in more intense storms, whose development and decay 
are more rapid, the westward swing of the C(DS) pattern, and of the C(D) pattern 
(Fig. 1 (c)), whose orientation is determined by that of C(DS), will begin proportion- 
ately earlier, and be more speedy. 


8. THE GREAT MAGNETIC STORM OF 16TH APRIL, 1938 

McNisH and JOHNSTON (1940) have studied the (whole) current system C(D) for 
the exceptionally intense magnetic storm of 16th April, 1938, whose development 
was very rapid: for example, whereas the change of sign of Dst(H) from positive to 
negative in the forty-storm average illustrated in Fig. 2, curve (a), occurs at about 
t = 3} hr (not “the sixth hour” as stated in McNisH and JOHNSTON, 1940, p. 349), 
in the April 1938 storm it “‘occurs at the end of the first hour’: this storm was 
about ten times as intense as the moderate storms considered by CHAPMAN (1918, 
1953), and its time changes about six times as rapid. 

McNIsuH and JOHNSTON did not construct a C(D) diagram for this storm; instead 
they drew six diagrams (here reproduced as Fig. 3), one for each of the first six 
half-hours of storm time, showing by arrows the estimated direction and intensity 
of the overhead current at a number of points all between (geographical) latitudes 

40°; these arrows, as explained in Section 6 (c), are obtained by turning the 
disturbance vectors AH of horizontal force clockwise through 90°: the relation 
between the magnitudes of AH and of the current vectors C is as explained in Section 
6 (g), except that McNisu and Jonnston took the external part of AH to be 0-6 
of the whole, instead of two-thirds. Their data consisted of values of AH derived 
from the records of horizontal intensity H and magnetic declination at nine low- 
latitude stations, (1) Apia (Samoa), (2) Bombay, (3) Capetown, (4) Helwan (Egypt), 
(5) Honolulu (Hawaii), (6) Huancayo (Peru), (7) San Juan (Porto Rico), (8) Toolangi 
(Melbourne, Australia), and (9) Tucson (Arizona). In addition, current vectors C 
were drawn for a number of other points by interpolation. The locations of the nine 


observatories are marked by large dots, from which the vectors C based directly on 
observatory data are drawn. 

In Fig. 3 the part of the earth over which the current arrows extend is confined to 
a belt of latitude up to 40° N and 8S of the equator. In the idealized C(D) diagram, 
Fig. 1 (c) (the current flow over this belt), at the maximum (main phase) epoch there 
illustrated, the current is everywhere westward, exactly so at the equator, and with 
only a slight inclination away from the equator at other points in the belt. This 
agrees with Figs. 3-e, f, which correspond to epochs near the maximum of the 

\pril 1938 storm; if the time-scale factor for the latter, as compared with a 

moderate’ storm (with maximum about 15 hr) is six, as McNIsH and JOHNSTON 

maximum of the 1938 storm should occur between the epochs of 
Figs 3-e, I 

The length of the C vectors at and near the equatol should be proportional to 

D(A) or, (neglecting any irregular part of D(H)), Dst(H DS(H), or 
bh sin (7 

Dst(H a: aand + are functions of storm time ¢ (and ®) but not of 7’. Positive 
values of 1(H) correspond to eastward current, negative to westward: 6 is positive; 
a is positive (Fig. 2, curve a) in the initial phase of the storm, and afterwards negative, 
as at the maximum epoch, when o is about 20°. Thus D(H) and (' should at this 
epoch have its numerical (negative) maximum at 7’ GO 37/2 or T 250 
eastwards trom the midnight meridian, or 70° E of the noon meridian—which in the 
Figs. 3-a-f is indicated by the position of the subsolai point This does not agree 
with Figs. 3-e. f. in which C has its maximum at about 100° W and 120° W of noon. 
Thus in the April, 1938, storm the DS current system appears to have been oriented 
differently, in this interzonal low-latitude region, from that of the moderate magnetic 
storms. 

The ratio C, ‘min OF D(H)max/ D(H) min for any chosen geomagnetic latitude and 
epoch is (\a b)/(a b): according to Fig. 2, at about maximum epoch and 
latitude 37°, this is about (2°5 1)/(2°5 |) or more than 2. This agrees roughly 
with Fig. 3-e: later, as ) decreases more rapidly than a, the ratio will diminish: 
it is in fact less in Fig. 3-f than in Fig. 3-e. 

In the earliest phase of the storm, when a and / are both positive, and a b, 
and o 15° (7%), D(H) will be positive in all longitudes, and C eastward, as in 


Fig. 3-a. The magnitude of C will be less than at the maximum epoch, and Fig. 


3-a agrees with this. The numerical maximum of D(//7) and C should occur at 
T’ ra 90° or 7’ 105° east of midnight. or 7) west of noon: actually in Fig. 3-a 
it seems to occur about 150° west of noon, again showing a different orientation from 
that for the moderate storms. 

When, during the initial phase, a though positive has passed its maximum and is 
decreasing, and becomes less than 4, D(H) will be positive and C eastward over a 
range of longitude, centred at 7’ 4) oc, of extent greater than 180°: and D(H) 
will be negative, and C westward, over the remaining range of longitude (less than 
180°). The numerical maximum of C will occur in the region of eastward C. This 
agrees partly with Fig. 3-b, whose greatest equatorial arrows are eastward, over 
South America, at about 6 a.m.: and it has smaller westward arrows in the afternoon. 
But Figs. 3-b, ¢ also show a pronounced southward current over the sunlit hemi 


sphere, which does not seem to be a typical feature of magnetic storms. 


Qo? 
12] 


A little later still. when a has become negative and is less than 6, again the current 


is partly eastward and partly westward, but the maximum will be westward, and 


) 


will occur near 6p.m. Fig. 3-d agrees partly with this, though it also shows 
untypical features. 

The gradualness of the transition from all eastward to all westward current round 
the equator, and its dependence on the variation of Dst and the influence of DS, 
were noted by McNisH and JOHNSTON, though the curve b of Fig. 2 was not 
available when they wrote. 


9, ORIENTATION OF THE D CURRENT SYSTEM FOR INDIVIDUAL 
MODERATE STORMS 


VESTINE (1940, 1947) has constructed a valuable series of current diagrams for four 
fairly great storms that occurred during the Second International Polar Year, 
1932-3. Eight of his diagrams (1947, pp. 370, 371; 1940, pp. 371-4) are reproduced 
here as Fig. 4-Al-A5, B, C, D. The diagrams A refer to five successive epochs 2 hours 
apart during the main phase of the storm of Ist May, 1933; B,C, and D refer to the 
main phase of storms on 5th August, 1933; 15th December, 1932; and 15th October, 
1932. The current flow between adjacent current lines in these diagrams is 
LOO.000 A, 

These diagrams correspond to the right-hand part of Fig. | (c), in that they show 
the hemisphere centred at the geomagnetic N pole, with the sunlit hemisphere in the 
lower half. 

There is clearly much resemblance in pattern between the idealized C(D) of Fig. 1 (c) 
and these eight actual current diagrams. In particular, the most prominent features 
in the latter, as in the former, are the polar current systems, with westward and 
eastward electrojets along the auroral zone, and return flow mainly across the polar 
cap, but also partly outside: and the westward interzonal current flow surrounding 
the polar Caps. 

But in orientation the actual diagrams diffe1 considerably from Fig. 1 (c), and (to 
a less degree) from one another. Moreover, the polar and interzonal parts of C(D) 
at the same epoch have different orientations. 

The orientation may be expressed by the phase angle a, as in Section 6 (¢). For the 
polar current system this may conveniently be measured by the angle between the 
direction of current flow across the polar cap, and the noon meridian; @ is positive 
when the former is parallel to a meridian plane to the east of noon. Estimates of o 
thus made are given in the table below, for each of the eight diagrams of Fig. 4. 
They range from 10” to 75° (W), with the mean value 50° W, 

It is less easy to estimate o for the interzonal currents in low latitudes, but I have 
attempted to do so by finding the longitudes 7’yax and 7 min of the maximum and 
minimum current intensities near the equator, where the spacing of the current 
lines is closest and most open respectively ; then o should according to Fig. | (¢) be 
; 270° and Tain 90°: Tmax may also be estimated as being the central 
longitude of the small current loop south of the eastward electrojet. The estimates 
of o thus made are also given in the table below: on the whole those obtained from 
T max and T min agree reasonably well, except for Fig. 4-A5. Any discrepancy between 
these two values of o implies that the variation of DS(H) with 7’ near the equator is 
not a simple sine variation, but must contain significant terms proportional to 


sin (n7’ + x), where n is 2, 3, . 
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With one exception all the interzonal phases o are eastward or zero, opposite in 
sign to the polar phases. The average interzonal value of o differs little from the 
value (20° E) inferred from the average of forty moderate magnetic storms. It is the 
polar o that differs most from the “ideal” value zero corresponding to Fig. 1 (c); 
but the latter was not based on storms but on days of lesser disturbance, with the 
current intensities increased by a factor judged suitable. The imperfection of the 
polar part of the C(D) diagram, Fig. | (c), in regard to the orientation or phase oa, 
was already briefly referred to in CHAPMAN, 1927, p. 261. 

Another striking difference between Fig. | (c) and the actual current diagrams of 
Fig. 4 is that the polar part is much more intense relative to the interzonal part 
which is mainly Dst) in Fig. 4 than in Fig. | (c). 


10. THE ORIENTATION OF THE CURRENT SYSTEMS C(B) OF 
POLARMAGNETIC Bays 


SILSBEE and VesTINE (1942) studied the current systems C(5) of polar magnetic 
bays, from data for 1932-3, and gave the diagram here reproduced as Fig. 5 for the 
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average C(B). The current flowing between adjacent current lines in this diagram 


is 50,000 A. This current system is supposed to remain nearly constant in form relative 


to the noon meridian, while it waxes and wanes in intensity. 

Fig. 5 (also given in VesTINeE, Lance, Larortsr, Scorr, 1947, p. 373) much 
resembles the main-phase C(D) diagrams of Figs. 1 (c) and 4, except that the inter- 
zonal current in low latitudes is not westward all round the globe, but is partly 
eastward and partly westward. Indeed the interzonal part of C(B) resembles that in 
Fig. | (b) for DS rather than that of Fig. 1 (c); and its phase angle is practically the 
same as that for the polar part of C(B), both being about 50° (W), instead of being 
positive as is so for the interzonal part of C(D) in Rigs. 4. Moreover, as the eastward 


Fig. 6. Average current diagram for a polar magnetic bay; see FukusHIMA (1951) 
Current flow between adjacent lines: 100,000 A 


interzonal current (part of the return flow of the westward electrojet) exceeds the 
westward one, the daily mean H in low latitudes will be slightly raised by the 
occurrence of a polar magnetic bay, rather than lowered as it is by a magnetic storm. 
The westward electrojet in C(B) has a greater ratio to the weaker eastward electrojet 
than in C(D). 

FUKUSHIMA (1951) has drawn current diagrams for four polar magnetic bays 
occurring during 1932-3, based on the records of thirty-three observatories. For each 
bay he drew C(B) diagrams at three epochs; some of these reveal the inadequacy 
of the suggested simple representation of C(B) given in Section 5 (a), which, however, 
can serve as a fair first approximation. 

From his twelve ‘‘actual’’ C(B) diagrams he constructed an “average” C(B) 
diagram, here reproduced as Fig. 6. In this diagram the current flow between 
adjacent current lines is 100,000 A. In intensity and general character Fig. 6 
resembles Fig. 5, except in its orientation, which corresponds to ¢ = 105° (W). 


I! 
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11. CONCLUSION 


From the point here reached the discussion might proceed to deal with the location 


of the current systems—whether they lie wholly in the ionosphere, or wholly outside 
the atmosphere, or partly in and partly outside it: and, in the latter case, the form, 
intensity, and location of the two parts. The physical causation of the current 
system and its parts might then be discussed. But these difficult and interesting 
topics are beyond the scope of this paper, whose object is to give a general review 


f the morphology ot the D field at the earth’s surface, by means of the associated 
current systems considered merely as aids to representation. Much more work needs 
to be devoted to such purely morphological studies, both for individual and for 
averaged storms, before we shall attain an adequate knowledge of the character of 
the D field. The most remarkable features of the morphology here noticed are 
a) the general similarity in pattern of the strongest, polar part of the current systems 
of magnetic storms and polar magnetic bays, and (6) the variability of their orienta- 
tions, particularly of the polar parts. 

[It may, however, be added that the current systems of polar magnetic bays, and 
the polar part of the current systems of magnetic storms, not improbably flow in 
the ionosphere : whereas the interzonal part of the Dst current system of a magnetic 
storm (which in a polar magnetic bay is absent or weak) may flow outside the 


atmosphere, in the form of an electric ring current encircling the earth in the plane 


of the geomagnetic equator, and with a radius a few times that of the earth. 
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The Airglow 


DANIEL BARBIER 
Institut d’Astrophysique et Observatoire 


SUMMARY 


The status of the problem of the airglow is reviewer the observational point « s particularly 


emphasized. 


NEWCOMB, in 1901, measured for the first time the intensity of the light of the night 
sky. He attributed it to the integrated effect of unresolved stars and thought that he 
thus obtained a quantity of the utmost importance for studies of the structure of the 
Universe. However, his measurements, and those of later investigators, show in 
fact that the light of the night sky is brighter than that of stellar origin as indicated 
by star counts. V. M. SLIPHER in 1919, and later Lord RAYLEIGH in 1922, were able 
to show that our atmosphere possesses its own light, due to radiations amongst which 
the green line had already been observed in the aurora. In 1933 SitrpHER showed 
further that the emission spectrum which we observe in the twilight differs from that 
emitted during the night. 

In this short survey it is impossible to consider in detail all papers published on 
the subject of the airglow*; excellent summaries can be found elsewhere (DuFray, 
1928; DeJsARDIN, 1936: ELvey, 1942; Duray, 1943: Swines, 1949; CHvostTriKoy, 
1948: Mprmnec, 1951: Duray, 1952a) and we shall restrict ourselves here to discussing 
the present status of the problem. We must mention, however, the pioneers who, in 
spite of the rather primitive tools at their disposal, paved the way for their successors 
for the modern phase of these studies: to the above-mentioned names we add 
YNTEMA, BurNs, ABBotT, VAN Rutsnxn, FABRY, FESSENKOFF, CABANNES, GARRIGUE, 
Gauzir, and BERNARD. 

The following components of the light from the night sky may be distinguished: 

(a) Stellar light. Stars of about 12™ play the most important role and their 
number compensates for their faintness. 

(b) Zodiacal light. We are concerned not only with the light pyramid visible in the 
ecliptic when the Sun is not far below the horizon, but also with the light which 
stretches over the whole sky, being brightest along the ecliptic and intensified in the 


point opposite to the Sun (Gegenschein). Charts of the stellar light and of the 
zodiacal light were obtained by ELvey and Roacu (1937), and published by Roacu 
and Pertir (1952). It must not be overlooked that the zodiacal light is possibly 


subject to variations with time. 

(c) Galactic light. Here we have to deal with stellar light scattered in interstellar 
space. First noticed by ELvey and Roacu (1937), its existence was confirmed by 
HENYEY and GREENSTEIN (1940). It is limited to the neighbourhood of the galactic 


plane. 
(d) d | irglow of the up pe r atmosphe re. 
(e) Auroral phenomena, particularly in northern latitudes. 


the emission by the atmosphere itself, excluding the aurorae 


* Following a nomenclature recently proposed by ELVEY ror 
‘nightglow’’, the twilight emission the ‘‘twilight 


may be called the “‘airglow”’. The night sky emission can then be « 
glow’’, and the as yet unobserved daytime emission the ‘‘dayglow 
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The present survey is especially concerned with the study of the nightglow; in 
addition, a survey of the twilight glow is given. 

The study of the emission spectra of the terrestrial atmosphere interests geo- 
physicists who hope to deduce from it information as to the state of the upper 
itmosphere. It is equally interesting to the astronomers, since the state of the upper 
itmosphere is conditioned by effects (ionization, dissociation, high temperature) 
produced by penetrating solar radiations (ultra-violet and X-rays) and also, because 
the excitation phenomena, as soon as these are better understood, will without 
doubt give valuable information about the corpuscular solar radiation, and perhaps 
vbout interplanetary matter. 

1. INSTRUMENTS 
The intensity of the airglow is minute—it is the faintest extended light source which 
has been studied in astronomy: it is only very little in excess of that of a fifth magni 
tude star spread over 5 square degrees (DUFAY, 1928). Expressed in candle-powers 
per sque ve centimetre it amounts to 4 lo-* (HuLBURT, 1949); for comparison we 
may mention that the daytime blue sky has a brightness of about one candle power 
per square centimetre. This means that the most powerful instruments have to be 
employed. Without going into the details of this subject, we mention amongst the 
spectrographs which have been used during the last few years the prism spectro 


graphs and objectives calculated by CoyjAN (1934. 1947), the spectrographs of the 


Arnulf-Lyot type (ARNULF, 1943), the grating spectrograph and the Schmidt camera 
of MEINEL (1948), the prism spectrograph combined with an electron image converter 
by KRASSOVSKY (1949, 1950). 

Quite a number of photoelectric photometers have been used, amongst which may be 
mentioned the instruments of ELVEY and Roacu (1937), of GRANDMONTAGNE (1941), 
of ABADIE, A. Vassy, and E. Vassy (1945), of MARLOW and PEMBERTON (1949), 
of Roacu and Pertitr (195la), as well as an instrument recently installed at the 
Observatoire de Haute Provence (BaAILLET, BARBIER, Bosson, LALLEMAND, 
MaAGuERY, 1953). The use of photometers has become much more popular since the 
invention of interference filters. which have a half-width of the order of 50 A. This 
width is scarcely greater than is obtained from spectrographs used with very wide 
slits in order to reduce the exposure times, or to facilitate the photographic photo 
metric measurements. Furthermore, the speed of photometers equipped in this Way 
is many thousand times greater than that of spectrographs, and permits a detailed 


exploration of the sky using automatically recording instruments. 


2. THE SPECTRUM OF THE NIGHTGLOW 
The best descriptions of the various different spectral regions which are available 
at present are: 11,000 to 9000 A (KRASSOVSKY. 1949, 1950): 9000 to 7000 A 
(MEINEL, 1950a, 1951); 7000 to 5800 A (CABANNES, J. DurAy, and M. Duray, 1950); 
5000 to 4000 A (CABANNES, DuFray, 1944): 4000 to 3000 A (BARBIER, 1947). 

The green spectral region, between 5800 A and 5000 A, is the least well-known, and 
observations on it are not always in good agreement; these are due to H. BaBcock 
(1939): Varnu Bappu (1950); Barprer, Duray, and Wriiurams (1951): and 
M. Duray (1951). 

The following atomic lines sometimes called the green, red, and yellow lines,, 
have been identified with certainty and are the most easily observed radiations: 
O 1] 5577, [O 1] 6800-6364, and Na I 5890-5896, 
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Molecular systems also give rise to a large number of emissions. 

The vibration-rotation system of OH was discovered and identified by MEINEL 
(1950b), and is very intense in the infra-red. It extends with appreciable intensity 
into the red (CABANNES, J. Duray, and M. Duray, 1950), with less intensity into 
the green (M. Duray, 1951), and it can possibly be observed in the blue (HUNAERTS 
and NIcOLET, 1950). 

The atmospheric system of O, emits the (0, 1) band which appears at 8645 A in 
the form of a doublet (MerNnex, 1950d), and perhaps the (0, 2) band at 9965 A 
(DuFay, 1951). The (0, 0) band cannot be observed, as it is re-absorbed in the lower 
atmosphere. 

The bands in the blue region of the spectrum have been attributed for a long time, 
following a suggestion of CABANNES and Duray (1946), to the Vegard-Kaplan system 
of N,, but this identification appears now doubtful (BARBrER, 1953b). The ultra-violet 
part of the spectrum is characterized by the Herzberg bands of O, (DuFay, 1947). 

All these band systems are forbidden, excepting that of OH, whose observed 
radiations have, however, only very small transition probabilities, since they are all 
high overtones. 

A certain number of medium and faint bands which have previously remained 
unidentified certainly form part of the new system !%,--°X,~ of O,, recently 
discovered by HERZBERG (1953). 

The presence of the (0, 0) band of N,* in the spectrum of the nightglow has been 
confirmed by M. Duray (1953) and MEINEL (1953). According to BARBIER (1953) the 
profile of the band sometimes resembles that of the N,* band, but often differs from it. 

Spectra of the nightglow also show a continuum. This is partly due to the light 
from the stars, and it shows the presence of the Fraunhofer lines F, G, h, H, K. 
These, however, do not have the same relative intensities as in the Sun, because of the 
presence of A-type stars in the stellar population (MEINEL, 1953). The discontinuity 
of the continuum at about 4000 A recalls spectra of stars of the solar type, with a 
depression at 3883 A produced by the CN band. 

It is now certain that the continuum is not completely explained by the light 
from the stars. Its altitude may be determined, as will be discussed further below, 
and one does not find an infinite value, but something like 10,000 km in the 
neighbourhood of the D-line (BARBIER, 1944), 1600 km for 4500 A, and 500 km for 
3500 A (BARBIER, 1947). This shows that a part of this spectrum is produced in cur 
atmosphere. An hypothesis which attempts to explain the continuum as due to the 
wings of very intense lines (BARBIER, 1947) appears to be applicable in the blue and 
ultra-violet but cannot be supported in the green where bands are very weak (BAR 
BIER, Duray, WriuiAMs, 1951). There exists therefore a true continuous spectrum 


of atmospheric origin in the light of the night sky. 


3. HEIGHTS OF ATRGLOW EMISSIONS 


The usual method, known as VAN RutsNn’s method, is based on the comparison of 


two intensity measurements performed at the zenith and at a rather large zenith 


distance ¢€. These are related by the equation: 


R? sin? € 


[(¢ [(0). | 1 
ee (R + HY 


where F is the radius of the Earth. 


formula assumes 

That the emission takes place in a thin layer at height 7. It is easy to show 
if the emission layer is thick this formula remains valid up to zenith distances 
» order of 80°, and H is then a kind of mean value for the height of the emitting 

BARBIER, DuFAY, WILLIAMS, 1951). 
h) It also assumes that the observations have been corrected for the whole extra- 
terrestrial radiation, for atmospheric extinction and scattering, and for the 
geographical non-uniformity of the layer. 


When using filters or spectrographs of small resolution, it is most important to 


eliminate the effect of extra-terrestrial radiation: this has been emphasized by the 


. of Roacu and Pertir (1952). In order to do so one must make a detailed 
inalysis of numerous quantities covering an observing period of about one year 
BaRBIER, Duray, WILLIAMS, 1951): or, alternatively, a comparison can be made 
between the radiation concerned and that from a neighbouring spectral region 
ROACH, BARBIER, 1950), 

The problem oi at mospheric scattering is extremely complicated a simple solution 
has been obtained for the case of small scattering coefficients (BARBIER, 1944). A 
nore exact solution which is valid for the ultra-violet spectrum has also been made 
BARBIER, 1952a 

The non-uniformity of the layers has been made the subject of detailed studies 
Roacu and Barsrer. 1950; BarBrer, DuFAY, WILLIAMS, 1951 we shall return to 
this question below. This effect can be eliminated by using the mean of a large 
number of observations 

A general discussion of height measurements has been given by BARBIER (1952b). 
This should be supplemented by the following recently measured altitudes 

Herzberg system of O,: 200 km, very uncertain, according to BARBIER (1953a). 

Green line: 250 km (Duray. BERTHTER, MORIGNAT, 1953 

OH bands and the atmospheric system ol QO, 140-150 km (BERTHIER, 1953). 

The present opinion of the author of this survey is that it is most likely that all 
radiation comprising the nightglow is emitted from the region near 200 km. This 
view is strengthened by the observed correlations between the intensities of the 
various bands. 

We shall see below that the light of the night sky shows irregularities. It is hoped 


that it will be possible in future to measure these heights by simple triangulation. 


$. TEMPERATURES OF THE EMITTING LAYERS 


a) Kinetic te mperature. The kinetic temperature may be deduced from the Doppler 
broadening of a monochromatic line. H. D. Bascock (1923) obtained “sharp” 
interference fringes of the order of 85,000. According to the significance placed 
on the word ‘sharp’, this can mean that the maximum temperature for the green 
emission line lies anywhere between 680° K and 1700 K (Spritzer, 1949). It is 
desirable for interferometric measurements to be repeated with higher orders of 
interference. 

b) Rotational temperatures. MEINEL (1950c) obtained for the (0,1) atmospheric 
band of O, a reasonal ly consistent temperature of 150 20° K, although in one 


night of anomalously great intensity he measured 200° + 10°K, 
The OH bands give good determinations since they are resolved into lines. MEINEL 


1950d) obtained a temperature of 260° + 5°K. 
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The derivation of rotational temperatures is only justified if collisions are frequent 
y 3 | 


enough for the molecules to distribute themselves between the different rotational 
levels according to BoLTZMANN’s law. This point has been treated by BrRaANSCOMB 
(1950). 

(c) Vibrational temperature. From the ratio of intensities of components due to 
the doublet structure of the ground state of OH, Metnen (1950d) has derived a 
temperature of 172° + 10°K, which does not agree with the rotational temperature. 
However, MEINEL can explain the discrepancy if he assumes that the maximum 
excitation energy is 3-242 eV. 


5. THE ABSOLUTE INTENSITIES OF THE NIGHTGLOW RADIATIONS 
Intensities are expressed by the number of transitions per second in a vertical column 
of cross-section 1 cm?. It is only possible to give the order of magnitude of this 
quantity, since these intensities are essentially variable. Furthermore, for certain 
radiations we must rely on estimates as measurements have not yet been made 
The red and green lines of |O 1] and the lines of Nat have intensities of the order 
of 10°, according to the work of several authors. The total intensity of all the 
three infra-red bands of OH near lu is 4:5 10! (Roach, Perrit, WILLIAMS, 
1950), 

The intensity of the continuum at about 5200 A is of the order of 8 10° 
Angstrom unit (BARBIER, Duray, WILLIAMS, 1951). 

Other emissions have also been investigated: the (0,1) band of O, gives 
the observable parts of the Herzberg system give 10°. 


6. POLARIZATION OF THE NIGHTGLOW LINES 


BricaRD and KASTLER (1950) have shown that the red and green oxygen lines are 
not polarized (or by less than 1-5 per cent), and that if the yellow sodium lines are 
polarized, their polarization must also be weak. These workers have used a SAVART- 
Lyor polariscope; they have shown that this instrument can also be used as a 
spectral filter. 


7. SEASONAL VARIATIONS OF NIGHTGLOW INTENSITY 


Nearly all extensive series of intensity measurements have been carried out in the 
Northern hemisphere between 35° and 50° latitude. These different series are in 
good agreement. Fig. | illustrates the mean of the observed variations. These are 
based on the work of DurFAy and TCHENG (1947), Roacu and Pertir (1941b), and 
3ARBIER, Duray, and WILLIAMS (1951). The measurements have not been corrected 
for the effect of the adjacent continuum, nor for the presence of weaker OH line 
which blend with the |O 1] and Nat lines. The figure shows the four well-established 
maxima for the green line found at the Observatoire de Haute Provence, but not 
observed at Cactus Peak in Southern California (RoaAcH, HELEN PeTrtiT, WILLIAMS, 
St. AMAND, and Dorotuy Davis, 1953). Furthermore, we note the similarity which 
exists between the green line and the continuum on the one hand, and between the 
red and yellow lines on the other hand. The seasonal variation of the Herzberg 
system is very similar to that of the green line (BARBIER, 1953a). Some still unpub- 
lished results show that the bands in the blue behave in the same way; the seasonal 
variation of the other bands is still unknown. 


DatILy VARIATIONS—STRUCTURE OF THE LAYERS 


Up to the present o1 the three atomic lines and the continuum have been studied 


from the point of view of tinding daily variations. These radiations in general under 


go changes in the course of the night, and these intensity variations are different for 
‘nt parts ot the sky ind also » Very different from one hour to another 
the observations of ELvEy and FarnNswortH (1942), Etvey (1948), DuPray 
TCHENG Mao-Lin (1946), Barprer, Duray, and Witutams (1951), ROACH 
ind Perrit (195la), BARBIER (1953a), and of HELEN Perrir, WILLIAMS, ST. AMAND, 
DorotTHY Davis (1953). we can deduce that on the average 
1) the green ray passes through a maximum somewhat after 0” local time; and 
2) the intensit: the red and yellow lines is almost constant throughout the 
night, although at the beginning of the night they are in general more intense towards 
the west. and at the end of the night towards the east (this is referring to the night 
proper, 7.¢. excluding twilight phenomena 
Luminous patches and regions have frequently been observed in the sky (see, 
for example, ELVEy, SwinGs, and Linke, 1941). These phenomena have now been 
Opened to investigation through the introduction of automatic photometers. It is 
possible to draw charts of the upper atmosphere for a given radiation and a given 
moment using observations covering the whole horizon at a constant zenith distance 
Roach and BarsBier, 1950; BarsBrer, DuFAY, WILLIAMS, 1951). These charts can 
be amplified by using observations made at different zenith distances: according to 
Roacu and Pertit (195la, 1951b. 1952) and Davis (1951), the modifications of these 
charts in the course of one night can frequently be explained by imagining the Earth 
to rotate under a layer fixed in space, which, for the red, yellow, and green radiations, 
does not vary with time. This would evidently indicate a fixed spacial pattern for 
the excitation. Barprer. Duray, and Wriitrams (1951) find similar results, but 
frequently also motions from north to south, or south to north, and sometimes the 
intensity increases or decreases all over the sky without distortion of the pattern. 
Roach, HELEN Perrir, WiiitamMs, St. AMAND, and Dorotruy Davis (1953) have 
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recently discussed a series of intensity measurements of the green line extending over 
four years. MASAAKI Hurvunata, working on the OH infra-red bands, using a non 
automatic photometer, also arrived at the conclusion that there are movements in 
the north to south direction. 


9, VARIOUS CORRELATIONS 


According to published results the intensities of the red |O 1| line and the D line of 


sodium are strongly correlated. There is almost no correlation between the inten 


sities of the red and green |O 1] lines (DUFAy and TCHENG, 1944), while the intensity 


of the continuum is strongly correlated with that of the green line (BARBIER, DuFAY, 
WILLIAMS, 1951). 

Observations in progress with an eight-colour photometer (BARBIER) show that 
the radiation of the night sky falls into two groups: 

(a) 5577, Herzberg bands, blue bands, continuum. 

(6) 6300, D-lines, OH bands. 

Within each group the intensities of the radiation varies proportionally during the 
same night, or (more often still) during the whole of a moonless observation period: 
the proportionality factor changes from month to month. The radiation in these 
two groups (a) and (4) can vary independently, but it also happens frequently that 
these two groups are “coupled”, varying in a parallel way during several hours. 

Numerous authors have looked for a correlation between the intensity of the 
principal lines of the night sky light and solar activity, magnetic activity, and ioniza 
tion of the E and F layers. These investigations, however, still present a rather 
confused picture (see DuFAY, 1943, 1952) 


10. THEORETICAL INTERPRETATION 
It is outside the scope of this article to make a complete study of the problems 
involved in the interpretation of the luminous emission of the night sky. On this 
subject the reader will wish to consult the papers by Bates (1948) and NICOLET 
(1951). The proposed hypotheses can be divided into three classes: 

(4) The solar energy is stored during the day in the atmosphere as a result of the 
dissociation of molecules and the ionization of the atoms and molecules; it is then 
re-emitted during the night by various mechanisms 

(da) Radiative recombination, ¢.q. 


() cs CR. hy. 
This mechanism would lead to the emission of the Herzberg bands and of the 
atmospheric bands of Oy. 
(4b) Recombination by triple collisions, e.g. 
() () () () cy 


The excited oxygen atom would then emit the green and red lines while returning 
to its normal state (CHAPMAN). 
(Ac) Chemical reaction, ¢.9.: 


This reaction. proposed by BATES and NICOLET., could explain the bands of OH. 


{ HAPMAN is also prope wed the reaction: 


NaO O Na’ VD. 


{d) Electronic. radiative, dissociative, and ionic recombinations. 

\]] mechanisms of class (4) encounter difficulties, since they would be particularly 
effective at altitudes of about 100 km, which is very much below those established 
by observation. Furthermore, they suffer from the drawback that they require a 
specific behaviour for each of the groups, in contradiction to the observed correlations. 

B) Excitation due to the impact of interplanetary particles, particularly electrons 
or cosmic dust, upon the atmosphere. Proposals of this kind have been made by 
ELVEY, BIERMANN, and TEN BRUGGENCATE. 

( Excitation by electronic collisions, after atmospheric electrons have been 
iccelerated by electric fields. The difficulty is to maintain the existence of an electric 
field within a highly conducting medium. Wout! see the article by RoacH and 
Pertir, 1952) suggests that such a field could produce itself in streams of ionized 
gas under the influence of the magnetic field of the Earth. One can further imagine 
that the separation of the interplanetary particles by the terrestrial magnetic field, 
on account of their different sizes and masses, or through differences in their depths of 
penetration into the atmosphere, may give rise to an electric field. 

Theories of type B or C have not yet been properly developed. It appears probable, 
however, that theories of these types will be required in order to explain emissions 


from great heights. 


ll. THe Twintigutr GLow 


um of the twilight glow consists of the D lines of sodium, the 


The emission spect 
forbidden lines of | O 1} 6300-6564 and 5577 (this line much the weakest of the three), 
the forbidden line of |N 1} at 5199 and the negative S\ stem of N. 

The D lines. The observations of Bricarp and KASTLER (1944) leave no doubt 
that these lines are emitted by optical resonance: they are narrow like those pro 
duced in absorption in a tube of sodium vapour; they are weakly polarized perpendi 


cularly to the Sun (Bricarp and KastTLer, 1950). These authors also explain how 


other observers could have arrived at different results (see BRICARD and KASTLER, 
1952). 

The total number of sodium atoms in a column of unit cross-section is of the order 
ol 5 108 to 10° (BricaRb and KasTLerR, 1950; BARBIER, 1948), and varies from 
day to day. 

One can account in a somewhat schematic manner for the observations in terms of 
an exponential decrease with height of the number of sodium atoms with a seale 
height of 8 km, 7.¢. approximately the same as that for the total number of molecules. 
It must, however, be assumed that there are no sodium atoms below 70 km (BARBIER, 
1948). 

Because of their very great intensity, the D lines in the twilight glow have been 
recorded up to 800 km (BarBrerR and Roacu, 1950). At these altitudes the scale 
height is large (250 km 

KviFTEeE (1953) also adopts the fluorescence mechanism for the emission of the 
sodium lines, but thinks that the observations by the zenith-horizon method favour 


an absorbing layer at 40 km altitude. 
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SLAMONT and KaAsTLerR (1951), using a photoelectric polarization photometer, 
were able to follow the twilight emission up to 200 km, where the scale height was 
about 100 km. 

The origin of the atmospheric sodium is perhaps terrestrial, from sea spray or 
voleanic dust (according to the ideas of DesaARDIN and BERNARD, 1938): or cosmical., 
from meteorites or cosmic dust (according to CABANNES, Duray, and Gauzir, 1938). 

The presence of free sodium atoms is prevented at low altitudes by recombination 
with other atoms to form molecules, for instance, NaO. Also the distribution of 
neutral atoms will be partly conditioned by the ease with which they are ionized. 

The |O 1| radiation. The emission of the red lines has been followed up to a height 
of 1000 km by CABANNES and GARRIGUE (1936); by Etvey and Farnswortu (1942); 
and by Etvey (1948). The apparent scale height is very great: it is probably con 
trolled at low altitudes by collisional de-excitation. 

The weak enhancement of the green line in the twilight glow is difficult to establish 
but according to Duray and Gavuzir (1947) it certainly takes place. It requires the 
absorption of a quantum of 2972 A, after which the excited atom can return to its 
ground state by the successive emission of 5577 and of 6300-6364. 

The 5199 line of |N 1]. Recently discovered by CourTEs (1950), this line has been 
studied by M. Duray (1952). It is particularly intense in summer; its intensity is 
of the order of one-tenth of the intensity of the green line in the airglow. It will be 
emitted when an atom returns to the ground state after absorbing a quantum of 
3466 A and emitting one of 10,406 A. This line has also been observed by NICOLE’ 
and PASTIELS (1952). 

Bands of N,*. The most recent data are due to M. Duray (1949). The intensity of 
these bands is very variable and the altitude of their emission is 100 km. These 
results are confirmed by Swines and NicoLet (1949). They also show that the 
bands of N,~ behave in the same way at dawn and dusk twilights, and that there 
is no correlation between the intensities of N,* and Na. Bares (1949) has shown 
that a simple fluorescence mechanism is more efficient for producing these bands 
than one by which neutral molecules are simultaneously ionized and excited. 
The intensity of the 3914 band can be as great as 10° transitions per second in a slant 
column of unit cross-section at 75° zenith distance; this requires about 2 10! ions 
in a vertical column of unit cross-section. 

It is of interest to compare the twilight radiation with that from comets, the light 
of which is also excited by fluorescence (BARBIER, 1953). This comparison brings 


out the difference between the chemical composition of the comets and the terrestrial 


atmosphere, and removes a difficulty concerning the explanation of the existence of 


the N, ions in the comets. 


12. CONCLUSIONS 
We already understand in its main outline the radiation of the twilight: many 
details still remain obscure but we may hope that their elucidation will throw more 
light on the state of the upper atmosphere. 

The origin of the nightglow, at least as far as the radiations in high altitudes are 
concerned, is still unknown. We must ask which development should be aimed at in 
the observing programmes, in order to give the maximum assistance to the theoreti 
clans. 

[t is possible to think of qualitative improvements of the observations, for example, 


by increasing the resolution or the light gathering power of the spectrographs, or by 
Improving the spectral purity of the radiation recorded by photoelectric photo- 
meters. Here progress is still possible : we have not vet reached the limit of the 
technical possibilities, but it would not be right to overlook the fact that relatively 
minor gains will be extremely costly. 

Quantitative improvement of the observations will certainly give great returns for 
some years to come: a large number of radiations have not yet been observed 
regularly; the observing stations are not yet evenly distributed over the Earth, and 
triangulations between stations some 500 km apart should be possible. 

The introduction of new techniques remains a possibility, Here we can hope fol 
instruments to be sent up into the upper atmosphere on rockets; or for direct 


experiments to be conducted on the atmosphere (for example, we may quote the 


proposal of BaTEs, 1950, to “sow” sodium atoms into the upper atmosphere). 


The results will lead to an extension of our knowledge of great altitudes. and of 


all aspects of the intensity variation, the structure of the emission layers, and the 


correlation of the intensities of the radiations between themselves or with cosmic 


r geophysical phenomena. 
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PLANETARY SYSTEM 


Cométes que l’on craint a l’égal du tonnerre, 
Cessez d’épouvanter les peuples de la Terre: 
Dans une ellipse immense achevez votre cours; 
Remontez, descendez pres de l’astre des jours; 
Lancez vos voeux, volez, et, revenant sans cesse, 
Des mondes épuisés ranimez la vieillesse. 


Et toi, soeur du soleil, astre qui dans les cieux 
Des sages éblouis trompais les faibles yeux 
Newton de ta carriére a marqué les limites: 
Marche, éclaire les nuits: tes bornes sont prescrites. 


Terre, change de forme: et que la pesanteur 
Kn abaissant le pole éleve ’équateur. 
Pole immobile aux yeux, si lent dans votre course, 
Fuyez le char glacé des sept astres de l’ourse: 
EXmbrassez dans le cours de vos longs mouvements 
Deux cents siécles entiers par dela six mille ans. 


FRANCOIS MARTE AROUET DE VOLTAIRE, 


Kpitre a Madame du Chatelet, sur la 
Philosophie de NEWTON; 1738. 


Current Trends in Minor Planet Research 


DirK BROUWER 
Yale University Observatory, New Haven, Connecticut, U.S.A. 
SUMMARY 


The outlook for the future of coping with the increasing number of minor planets for which orbits have 
been determined is considerably brighter than it was forty years ago, when only one-half of the present 
number of orbits needed attention. This is due to the availability of rapid computing machines whic! 
not only expedite the computers’ task of providing observers with ephemerides but have also made these 
generally more reliable. Among the problems of current interest are those concerned with the physical 
properties of the asteroid ring: the distribution of the asteroids according to size, the distribution of 
orbits within the ring, and the relationship between asteroids and meteorites 


1. Rate oF NEw DISCOVERIES 


SINCE the beginning of the last century, a major task in astronomy has been the 
detailed explanation of the motions of the asteroids on the basis of Newtonian 
mechanics. A hundred years ago, only twenty-three minor planets were known. It 
was still possible to consider seriously a plan of constructing theories, tables, and 
ephemerides for each of these bodies in essentially the same manner as for the 
principal planets. This notion had to be abandoned soon, as new discoveries increased 
the number to forty in 1856, 160 in 1876, 322 in 1891, when Wo cr, in Heidelberg, 
introduced the photographic method. It took only sixteen years of photographic 
activity to double this number, and still the rate of new additions showed no signs of 
exhaustion. The first standstill was brought about in the early 1940's, when 
the Second World War very seriously interrupted all minor planet activity. At 
the present time the count of numbered minor planet orbits approaches 1600; the 
diligence of observers and computers in future years could increase this number 
many times. A result derived by BAabeE from counts of asteroids found on plates 
taken with the 100-in. telescope indicates that the number of planets brighter than 
photographic magnitude 19-0 at opposition is of the order of 30,000 to 40,000 
(BAADE, 1934). In view of the unforeseen growth of the field, it is no wonder that from 
time to time astronomers—even those who had definitely dedicated themselves to 
this work—asked themselves how the future activity in this field should be directed. 

Similar expansions have taken place in other branches of astronomy. Thus succes- 
sive compilations of variable stars during the past 100 years indicate a rate of increase 
in numbers much more explosive than in the list of minor planets. SCHONFELD’S 
catalogue of 1866 listed 119 variable stars; the most recent list by KUKARKIN and 
PARENAGO contains well over 10,000 variables. 


2. NEED FOR EPHEMERIDES 
A great advantage in dealing with variable stars is that they remain in the same 
“fixed” location in the celestial sphere. Thus, a variable star neglected for 25 or 
50 years can be re-observed without any preparatory effort. On the other hand, a 
minor planet that has been neglected observationally and computationally for an 


interval of only a few years cannot be recovered by merely looking up an earlier 
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position. Also, ascertaining whether a newly discovered object is or is not identical 
with one of the 1600+ planets for which numbered elliptic orbits are listed, o1 
the even larger number of unnumbered discoveries. requires a large well-organized 
collection of records. 
ractical solution has been the annual publication of search ephemerides for 
for which numbered orbits are available. While differences of opinion 
may exist as to what accuracy of ephemerides should be attained, the choice seems 
to be between all or practically nothing: i.e. between continuing minor planet activity 
long the established lines or abandoning all but a list of selected planets. The 
selection might be made on the basis of usefulness for determining the solar parallax, 
the mass of Jupiter, the mass of Mercury, or systematic corrections to star positions. 
Other reasons might be the interest of certain types of orbits to celestial mechanics 
or physical characteristics such as variations in brightness. 

The experience during and immediately after World War II illustrates the 
importance of continuity in this work. The Astronomisches Rechen-Institut in 
Germany had issued annual ephemerides with admirable regularity for many 

and had served as an international clearing house for information on all 

s of the minor planet work. Events in Germany toward the end of the war 
‘aused a breakdown of this activity. Ephemeris volumes for three or four years 


had been very inadequately distributed and observing had been at an almost com 


plete standstill in some of the observatories previously most active. The first task 


was to issue for the years 1946 and 1947 such collections of ephemerides as could be 
made available. For 1948 the Institute of Theoretical Astronomy at Leningrad 
undertook to prepare and publish ephemerides of all numbered minor planets in 
opposition during that year. Another important step, taken in 1947, was the creation 
of a Minor Planet Centre under the auspices of the International Astronomical Union. 
with Dr. Paut HERGET in charge. This Centre 


It was established in Cincinnat 
began to issue Minor Planet Circulars for the rapid communication of observations, 
ephemeris corrections, new orbits, efc. 

An important resolution adopted in 1948 at the Ziirich meeting of the International 
Astronomical Union concerned the introduction of a stricter rule for the assignment 
of permanent numbers. The list of numbered planets is now generally considered to 
be a collection of orbits that are so well determined that these planets can be located 


iain in future oppositions. 


3. ASSIGNMENT OF PERMANENT NUMBERS 

During the visual period before 1891, a new number was assigned as soon as a 
new disc very was announced. This had led to the temporary loss of a few of the 
earlier minor planets, an example of which is (132) Aethra, discovered by WATSON 
1873). It remained unobserved in subsequent oppositions until 1922, when it was 
rediscovered in Algiers and independently at the U.S. Naval Observatory in Washing 
ton. Watson’s orbit and the ephemeris for 1874 that he computed might have served 
to locate it, but for various adverse circumstances (WATSON, 1874). Among these 
was the fact that Watson had set out for China to observe the transit of Venus and 
could not himself search for the planet. Its faintness when in opposition in northern 
declinations accounts for its loss for 49 years. Since 1922 the planet has been well 
observed, and HERGET (1938) has even developed a general theory for it. 


Similar experiences with more recently discovered planets resulted in greater 
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caution. The planets (719) Albert and (1009) Sirene are the most striking examples 
of planets discovered near perihelion that have not been found in subsequent 
oppositions because of faintness in other parts of their orbits. In order to avoid the 
admission to the numbered list of too many faint planets that might not be re- 
observed in subsequent oppositions, STRACKE proposed, in 1941, to number newly 
discovered planets that are fainter than sixteenth magnitude in aphelion only if 
they have been observed in a second opposition (STRACKE, 1941). The resolution 
adopted in 1948 went a step further: “Permanent numbers shall, as a rule, be 
assigned to a new minor planet after it has been observed in two oppositions and a 
satisfactory orbit has been obtained. In the case of a planet that approaches the 
Karth within the orbit of Mars, a permanent number may be assigned after a single 
opposition, provided that the planet was well observed and that a satisfactory orbit 
was obtained”. The application of the new rule appears to have met with the 
general approval of all concerned. 

Some striking successes with difficult planets are on record. The planet (1221) 
Amor was discovered by E. DeELPoRTE in 1932. The unusual character of the orbit 
stimulated observers to follow it during the discovery opposition for almost three 
months. This made it possible for A. KAnRSTEDT to determine an excellent orbit, 
which he carried forward with accurate perturbations. This enabled DELPORTE to 
locate the object in 1940. It was observed again in 1948. The perihelion distance 
from the Sun is 1-083 a.u.; the period of revolution is very nearly 23 years. Hence 
every eight years a perihelion opposition occurs which brings the planet to about 
0-11 a.u. from the Earth, slightly less than the least distance of Eros. 

A more recent and equally successful case is that of (1566) Icarus, discovered as a 
sixteenth-magnitude object in 1949 by Baape, at the Palomar Observatory; see 
the account by Herrick (1953). It was re-observed at the same observatory in 
1950 and at Pretoria in 1952, in both years as nineteenth magnitude. The accurate 
perturbation computations by Dr. S. HerRICcK and his associates made the observa 
tions in 1950 and 1952 possible. Icarus has the distinction of having the smallest 
perihelion distance of any known minor planet; it may approach the Earth to about 
0-04 a.u. and Mercury to about 0-08 a.u. It has also been pointed out by GILVARR\ 
(1953) that this planet has a relativity advance of its perihelion of 11” per century 
If the planet can be adequately observed it may, on account of its high eccentricity 
0-82, furnish an interesting test of this relativity effect, supplementary to the well 
established effect of 43” per century in the perihelion motion of Mercury. 


4. PROBLEMS OF CURRENT INTEREST 


The occasional discovery of an object with al unusual orbit such as Eros. Hidalgo. 
Amor, and Icarus, and the unnumbered planets Apollo, Adonis, and Hermes, is an 


important reason for continuing the systematic observation of minor planets. WHIPPLE 


(1938) noted that among the orbits of meteors obtained in his photographic meteor 
studies some showed a strong resemblance to the orbits of unusual minor planets 


with perihelion distances less than la.u.; C. C. Wy te (1939) came to the same 


conclusion from a study of the orbits of visually observed meteors. However, the 


orbits of short-period comets are not too different. Evidently more abundant data 


are necessary to decide the issue. KuIPER (1950) refers to the hypothesis that 
meteorites are but the smallest asteroids as an argument in favour of his collision 


theory of the origin of the minor planet ring. Equally important to this theory is the 


946 Current trends in minor planet research 


presence of families of minor planets, established by Hrrayama (1923, 1928, 1933). 
In my own work on this subject I recognized additional groups of planets of a some 
what different type, as well as subdivisions of HtraAyama’s Flora family (BROUWER, 
1951). 

Minor planets of particular interest from another point of view are those in the 
outer part of the ring, say, with mean motions less than 540". The distribution of 
known orbits with respect to the mean motion here is totally different from that in 
the inner part of the ring. Instead of gaps near the principal commensurabilities 
we find a strong concentration near the commensurability 3 2 with Jupiter, (279) 
Thule near the commensurability 4.3, a dozen or more Trojans, and the very 
exceptional planet (944) Hidalgo. 

The problem of the gaps is still far from a complete solution. BRown’s study 
1918, 1932) of the resonance problem suggested that orbits just outside the principal 
resonance regions have a relatively high degree of temporary stability in the sense 
that a planet spends a much longer time there than within the resonance regions. 
As the number of known planets has increased, examples of objects with mean 
motions temporarily within resonance regions have been found. Perhaps the most 
striking case is that of (1362) Griqua which appears to have crossed the commen- 
surability 2.1 with Jupiter since its discovery in 1926. However, this orbit may not 


vet be well enough known to serve as a convincing illustration. This tentative 


explanation does not account for the preference of the planets of the Hilda and 


Thule types for the resonance regions 3.2 and 4.3. Hirayama (1918) developed a 
theory in which a resisting medium consisting of meteoritic particles that move in 
circular orbits serves to account for the gaps. The thinning out of the resisting 
medium would then explain the absence of gaps in the oute) parts of the ring. The 
mathematical difficulties of dealing with orbits that lie close to that of Jupiter are 
extremely great. Examples of types of motion not yet represented among the known 
orbits would be of creat interest. 

Numerous investigators have made attempts to study details of the distribution 
of planets according to size. The evidence is convincing that the “luminosity func 
tion” is different for different parts of the ring. For such investigations, magnitude 
determinations in a homogeneous system are badly needed. The commonly used 
visual magnitudes were derived for the brighter planets from the magnitudes of the 
3.D. catalogue, gradually extrapolated for fainter objects. These magnitudes have 
been founc to be generally reliable, but contradictions exist between this system and 
photographic magnitudes derived by direct comparison with Selected Areas. A 
magnitude survey of minor planets brighter than photographic magnitude 16-5, 
undertaken by Kurper (1954) may be expected to produce definite information now 
lacking. His programme also includes the study of periodic variations in brightness 
of a number of brighter minor planets by photoelectric photometry. It is encouraging 
that such a large-scale investigation of the physical properties of minor planets has 
been undertaken. Progress in this aspect of minor planet research has been slow in 


the past. 


5. OUTLOOK FOR THE IMMEDIATE FUTURE 


It appears that an unbiased but informed critic must conclude that important 
research remains to be done on minor planets. This was the conclusion of a committee 
of 1.A.U. Commission 20 on the future work on minor planets, under the chairmanship 
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of WHIPPLE (1952). In his report he quotes a communication by Professor Koprt 


that refers to discussions among German astronomers forty years ago when the com 
putational work necessary to keep up with the minor planets appeared to be almost 
too much (Coun, 1911, 1912; BRENDEL, 1912). As Koprr remarks, the outlook for 
the future is considerably brighter now than it was forty years ago, when only 
one-half the present number of orbits needed attention. The principal reasons are 
that the work is better divided and that powerful computing machines are available 
to lighten the burden. 

In 1948 the Institute of Theoretical Astronomy at Leningrad, with collaborators 
in various centres, principally in the U.S.S.R., assumed the responsibility for the 
orbits of approximately 40 per cent of the numbered planets. Recent U.S.S.R. 
publications contain a steady stream of contributions as the result of this work. 

The remaining 60 per cent became the more direct responsibility of the Minor 
Planet Centre in Cincinnati in co-operation with astronomers in many countries. 
At Cincinnati approximate perturbations for about 250 planets were computed by 
either STROMGREN’S method (1929) or by a method which in principle is due to 
HANSEN (see PLUMMER, 1918). In most cases the comparison with observations and 
orbit correction was made elsewhere; in Germany, Japan, Argentina, Spain, efc. 
This arrangement is producing excellent results. The future holds even more 
promise. So far, the computations have been made with standard punched-card 
machines. Dr. HERGET has recently developed a plan to use large-size electronic 
digital computing machines such as the UNIVAC and the [BM Defence Calculator 
for the computation of special perturbations. With this plan it will be possible to 
prepare in a single year the data necessary for the calculation of ephemerides for a 
period of 10 to 20 years for some 400 minor planets. The importance of such a 
contribution is that the planets so treated will not be in need of computational 
attention for 10 years or more. 

Among recent work dealing with general perturbations is the application by 
McDonaup and LEUSCHNER (1952) of a group theory to thirty-four planets with 
mean daily motions ranging from 545” to 736”. These limits far exceed the range for 
which the tables for planets near the 2.1 commensurability had been intended. 
Such results suggest that it should be possible to develop suitable methods for the 
construction of approximate general theories with the aid of high-speed computing 
machines for a large percentage of the known minor planets. 

It may seem that I place too much emphasis on the computing and too little on 
the observing aspect of the work. Of course, progress depends on the close co-opera 
tion between observers and computers. In the past computing has always been the 
bottle neck: due to technological developments this is no longer true. The present 
outlook is that the computer can give the observer better assistance by providing 
generally more reliable ephemerides than was formerly possible. 

The accomplishments since the war are due to the joint efforts of both observers 
and computers. The progress toward securing the orbits of inadequately observed 
planets is particularly impressive and is still going on. Early in 1947, 247 numbered 
minor planets had been observed in fewer than four oppositions, sixty-eight in only 
one opposition. At the end of 1951, according to the latest count available, these 
numbers had been reduced to 153 and thirty-two, respectively. Much of this improve 
ment is due to the systematic work on insufficiently secured orbits by the Minor 
Planet Centre. Other recoveries were the result of patient searching near the search 
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ephemeris \{n example is (1468), recovered at the Goethe-Link Observatory of 
Indiana University in 1951, about 3° from the position calculated from an orbit 
based on the observations in 1938 (Cincinnati Observatory, 1951). Some very 
interesting contributions toward securing these orbits were made by A. Patry in 
Nice, France, and Dr. O. Kippes in Glattbach, Germany. Their systematic search 
among minor planets discovered between 1900 and 1940 for which the number of 
observations was insufficient for the determination of a satisfactory orbit has led to 
formerly not recognized identifications ot objects observed in oppositions many 
vears apart. This has resulted in the removal of some of the older “‘lost’” planets 


from the one-opposition list. Among these is (650) Amalasuntha that supposedly 


had not been observed since the discovery opposition in 1907 (Cincinnati Observatory, 


1947, 1950). 
In conclusion. | may quote from a recent letter by Di HERGET: Things are 


looking up. but there IS still an awtul lot to ao.’ 


Mee ting 
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On the Present Situation in Cometary Research 
M. BEYER 


Hamburger Sternwarte, Hamburg-Bergedorf, Germany 


SUMMARY 


\n account is given of some of the experiences and conclusions gained in the course of a survey of all 
accessible comets, covering several decades, in the hope that they might stimulate future research. Our 
knowledge of the physical properties of the comets, in particular of the luminous processes in the head 
and tail, rely essentially on observations obtained on very bright objects at the time of their nearest 
approach to the Sun. It is desirable to apply the tools of modern astrophysics also to the fainter comets, 
and to examine the situation at larger distances from the Sun. Photoelectric measurements can provide 
important information about the laws governing the development in brightness, and about the influence 
of solar activity. Photographic investigations, employing suitable filters, should clarify the proportion 


in which dust particles contribute to the formation of coma and tail. Finally, short-exposure photo 


graphs obtained in rapid succession at large reflectors, should prov ide invaluable data as to the materia 


movements in the tail. 


1. DIFFICULTIES OF COMETARY .ESEARCH 
IN recent years a number of important investigations have given rise to new theories 
on the origin and the nature of these peculiar celestial bodies.* Although the new 
observational results and the theories based on them have led to remarkable advances, 
this increase of our knowledge must not lead to the assumption that we have now 
solved the most important riddles of the comets. In fact we know only very little 
about the physical structure of these objects. The essential cause of this is that we 
do not have the comets at our disposal at will, as we have some other celestial bodies, 
but that often we have to wait a very long time for an opportunity to carry out 
special investigations. In particular the last four decades have been extremely 
poor in bright comets, and in our present generation there are only very few people 
who have seen one really bright comet in our latitudes. In spite of this the number 
of comets which become accessible to observation every year is not nearly so small as 
one might suppose. On the average, it amounts to six or seven comets. Most of these 
objects, however, remain so faint that the best one can do is just to determine their 
positions photographically and thus obtain some information as to the form and 
orientation of their orbits. With the exception of a description of their appearance 
on the photographic plate, no detailed investigation can be made. With this lack of 
more recent observations most theoreticians to-day must rely essentially on observa 


tional results and on illustrations given in books and journals. They will select for 


their purposes mainly such drawings, photographs, and spectra which show as many 


details as possible and will thus restrict their investigations to a large extent to those 
comets which, because of their unusual development, stand out from the group of 
normal objects and form a class of their own. This method involves the danger that 
some phenomena which are frequent in the case of large comets are considered as 
decisive characteristics. Although the investigations of such phenomena are of 


utmost importance, it still remains doubtful whether they will suffice to solve the 


* For further information on various aspects of this subject reference may be made to the following: P. SWINGS (1956), “*The 
Spectra of the Comets”, in Vistas in Astronomy, pp. 958-981, being the subsequent article in this volume; see also: SWINGS 
(1942), Rev. mod. Phys., 14, 190; Swinas (1943), M.N., 108, 86; Swinas (1950), Ap. J., 111, 530; K. Wurm (1943), Mitt 
Hamburger Sternwarte, No, 51; L. BIERMANN (1951), Z. Astrophys., 29, 274: J. H. OORT and M. SCHMIDT (1951), Bull. Astron 
Inst. Netherlands, 11, No. 419; R. A. LYTTLETON (1953), The Comets and their Origin, 173 pp. (University Press, Cambridge 
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problem of the typical comet. Even when they are at the same distance from the Sun, 


the different objects vary so much in their behaviour that there does not seem to be 


uny generally valid model of a comet. During the last 31 years, the author has followed 
visually, and partly also photographically, seventy-two comets and was able to obtain 
several thousand observations with refractors between 11 cm and 60 cm aperture; 
his regular reports on this are to be found in the Astronomische Nachrichten. On 
several occasions the author has been urged by astrophysicists to summarize, in a 


discussion of the present position of cometary research, his experience as an observer. 


) 


2. PHOTOGRAPHIC AND VISUAL OBSERVATIONS OF (COMETS 


The observations in the vears i921 to 1931 were essentially restricted to photo 

graphic work with a 16-cm astrograph of 80-cm focal length; since 1932 a systematic 
visual survey with every available optical instrument has been carried out on all 
accessible comets. It was intended that these observations should provide the basis 
for a statistical investigation of the more strange and inexplicable phases in the 
development of the comet. Almost all of them refer to the physical properties of 
these bodies, particularly to as exact a determination as possible of the momentary 
total brightness of the comet's head. Observations of size, shape, and concentration 
of the coma, photometric measurements of the brightness of the nucleus, determina 

tions of the form, length, and direction of the tail have been made, and in especially 


favourable circumstances also spectroscopic examinations have been carried out. 


In addition, numerous photog iphs and sketches have been obtained. 


It might seem somewhat strange to try attacking the difficult problem of cometary 


research with visual observational methods which may seem nowadays out of date. 


One would think that just in this field celestial photography should be especially 


superior, since photographs of the comet tails sometimes show details which had 


not been recorded by eye. However, it is still difficult even with a modern astrograph 


or reflecting telescopes to obtain pictures of the nucleus or of the central part of the 


condensation, without having to accept the loss of the finer details in the surroundings 


of the nucleus, arising from the great magnitude differences involved. It is equally 


dificult to determine photographically the total brightness of the head. The magni 


tudes ot comets as estimated from in-tocus photographs are notoriously unreliable. 


It is not uncommon for them to differ by more than four magnitudes from the 


photometric value. Of course, many important tasks still remain the province of 


photography. These include the investigation of the tails, spectral and polarimetric 


investigations. and positional! work. The development of photoelectric photometry 


will in future relieve the eye of another of its responsibilities. Until now, however, 


visual observation has been indispensable, if usable magnitudes of the nucleus and the 


coma were desired (and these had sometimes even to be made in bright moonlight). 


3. STRUCTURE OF COMETARY NUCLEI 


The essential part of a comet is its nucleus, where the entire mass is concentrated, 


ind from which all other phenomena originate. It is always present even if tail and 


coma are not. As soon as a comet approaches the Sun, its nucleus emits substantial 


quantities of dust and gas, which leads to a disintegration of the nucleus, and under 


certain circumstances even to a complete break-up of the comet. 


The fragments of the comet, lost in this way, sometimes come under the gravita 


tional influence of our Earth and become meteorites, thus furnishing us with the most 
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welcome opportunity of examining the constituents of former comets in the labora- 
tory; it remained, however, an unsolved problem how these peculiar phenomena 
involving dust and gas came into being, how these particles were embodied in the 
nucleus and what their original properties were. The masses of the nuclei are always 
exceedingly small and only rarely do they exceed 1016 gm. Whether this mass is 
combined into a solid block, or whether it forms a loose cluster of meteorites could 
only be clarified by photometric observations of near comets with large telescopes. In 
small instruments the actual nucleus is very frequently confused with the central part 
of the condensation of the coma, which surrounds it, and which is frequently sharply 


S 


Fig. 1. Disintegration of the head of comet PajdusAkova 195la 
1951 March 25, 20" 20™ U.T. 


separated from the nebulous head. Only with high magnifications is it possible to dis 
tinguish the actual nucleus in the centre of the condensation. Under good seeing con 
ditions the nucleus almost always appears star-like and sharply defined. The presence 
of several nuclei or the fission of a single one has been occasionally observed. The head 
of the very bright comet 1947n, for instance, showed two nuclei, whose distance 
appeared to increase rapidly, although this effect may have been an illusion brought 
about by orbital motion. One of these two cores showed considerable magnitude 
variations which may have indicated that the size of this body was changing. Similar 
divisions, or accumulations of nuclear matter, were sometimes observed in some larger 
comets, for instance, in that of 1882 and in comet Whipple-Fedtke (1942g); the latest 


example of this type was in the comet Pajdusakova (195la). From 20th to 28th 


February, 1951, there was only a very bright and narrow, almost stroke-like, con 
densation in the arrow-shaped pointed head. The nucleus of magnitude 11-5 at the 
extreme end of this condensation of the head was hardly distinguishable because 
of the small contrast and not measurable photometrically. On 3rd March this bright 
condensation had been transformed into three star-like sharp nuclei which could be 


observed for about five weeks in practically unchanged positions. The distance of the 


cometary 


om the Sun increased during this period from 0-96 to 1-46 astronomical units. 


| shows a sketch made on 25th March, 1951. The total brightness of the head 


] 


while the main nucleus in it was 12™6. The two companions of 13™5 
were—respectively—about 18” and 58” distant. The peculiar asym 
metrical distribution of brightness in the tail created the impression that each of the 
id developed a tail, all of them mutually parallel—just as if three comets of 
brightness had been superposed on each other (see Fig. 1). The appearance 
this obiect was reminiscent of the well-known division of Biela’s comet of 1845: 
net 1%5la did not show any signs of a disintegration during the period of observa 
It must, however, be emphasized that multiple nuclei have only been observed 
comets with considerable tail development. But the appearance of splittings and 
ohtness changes of the nuclei does suggest that these bodies can sometimes have a 
her loose structure when they are near to the Sun. The photometric and spectro 
scopic investigations of the nuclei show quite unambiguously that we have to deal 
with solid bodies which reflect the light of the Sun. In some cases it was even possible 
to show the presence of a phase coefficient. The photometrically determined magni 
tudes, however, lead to diameters of the nuclei which, under the assumption that the 
iaterial is compact, would give much too large masses. They can only be explained 
if we consider the nuclei as loose clusters of meteorites. Several authors, however, 
doubt the stability of such nuclear clouds; but perhaps this difficulty exists only 


sun At largel distances these particles may again coalesce and form a 


$4. STRUCTURE OF COMETARY HEADS 
The nucleus always lies in the densest part of the nebulous envelope, which forms 
the cometary head. This nebulous matter consists of dust particles and gas molecules 
which have escaped from the nucleus and which, because of its small gravitational 
attraction, wander off rapidly into space, either singly or in streams directed away 
from the Sun, to form the tail. The heads are therefore frequently very diffuse, so 
that their diameters can only be determined approximately. Their dimensions differ 
widely but are roughly between the size of the Earth and half the size of the Sun. 
Since at smaller distances from the Sun the reflected sunlight becomes of only 
secondary importance compared with the increasing development ol the short wave 
gas emission, the apparent shape, size, and brightness of the coma depends to a 
large extent on the spectral region which is being observed. However. the outlines 
of the coma. as well as the degree of its condensation, determine to a large extent the 
appearance and character of the comet. For instance, the heads of those objects 
which, under visual observation, show particularly bright tails, usually have a pointed 
Ol parabolic form. By contrast. those of the diffuse comets which have \ isually either 
no structure in the tail at all, or only a faint or narrow tail, almost always have a 
round or elliptic shape. Details of the inner structure become most conspicuous 1n 
he heads of the bright-tail comets. Here one sees short bright bundles of light which 
save the nucleus in the direction of the Sun and then, after a short distance, bend 
back into parabolas like the streams of a water fountain, sweeping past the nucleus 
in the direction away from the Sun to form a tail of gradually increasing width. 
In this case a narrow dark “tube”. so to speak, is produced In the shadow of the 
nucleus, into which obviously only very little tail-matter penetrates. The visually 


inconspicuous narrow “‘rays” of the diffuse round heads point, as a rule, almost 
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exactly in a radial direction from the nucleus. They are most pronounced along the 
radius vector from the Sun. Besides this normal appearance, bright tail-comets 
occasionally show a series of nebular arches in front of the nucleus, which are probably 
due to some such origin as its rotation, causing variations in the supply of matter. 
While the dust particles reflect the sunlight they receive, the gas molecules produce 
resonance (fluorescent radiation). We do not know exactly the ratio in which dust 
and gas are mixed, nor to what extent this ratio depends on the nuclear distance 
within the coma and on the distance of the Sun. The available spectrograms of comet 
heads do not hitherto give sufficient reliable information. It is frequently claimed 
that the development of gases into coma only begins more or less in the vicinity of 
the Sun, since the cometary heads examined at larger solar distances nearly all show 
the continuous spectrum of the Sun. How dangerous this conclusion is can be illus 
trated by two spectra of the comet Peltier 1932k, which were obtained at the same 
time on 25th August, 1932, with very different instruments by R. MULuer at 
Potsdam* and by the author at Hamburg?+. While the long-focus Potsdam astro 
graph imaged a pure continuous solar spectrum, which even shows clearly the 
dark lines G, H, and K. the small objective prism camera showed that on a hardly 
noticeable continuous spectrum was superimposed a very strong emission spec 
trum, which contained the well-known cyanogen line as well as the bands of the 
Swan spectrum. This result is not at all puzzling. The small relative aperture of the 
large Potsdam astrograph Was adequate for the spectral reproduction of the nucleus 
and of the central condensation but was not “‘fast’’ enough for the investigation of 
the faint outer parts of the coma. The situation is just the opposite for the small 
objective prism camera, for which the nuclear part was inaccessible, while the oute1 
coma could easily be obtained. In this way the two photographs supplement each 
other in a very happy manner. On the other hand, this case illustrates the caution 


with which the results of such spectral investigations must be received. 


5. THE DEVELOPMENT IN BRIGHTNESS OF COMETARY HEADS 
The biggest problem of all is offered by the increase in the brightness of the heads 
of comets when they approach the Sun. It has been known for a long time that the 
intensity of the cometary light usually increases considerably more rapidly than we 
should expect from optical effects alone. Fluorescence, or similar transformations 
of the incoming sunlight connected with the occurrence of gases, furnishes a notice 
able contribution to the visual radiation. Within the range of solar distances acces 
sible to our observations, the development of brightness follows in first approxima 
tion the law / I, r", where J is the observed intensity, /, the intensity at the solar 
distance 7 | astronomical unit, and n a measure of the “sensitivity of reaction” 
of the comet. The value of x, which is of particular interest, can be obtained from a 
series of good magnitude observations, made for a wide range of solar distances r. 
It lies between 2 and 6, usually around 4. If the head of a comet were of the same 


size and in the same condition irrespective of the solar distance, n should not differ 


very much from 2. In fact, however, as the comet approaches the Sun, its radiation 


causes the emission from the nucleus of increasing amounts of gas and dust, which 
remain within the coma for a short while and then retreat rapidly. The increased 
expulsion of matter from the nucleus. together with the increase of the molecular 
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emission, possibly causes the apparent increase in surface brightness and con- 
centration of the head, which leads to the rapid increase of the total brightness 
indicated by the high values of n. The observations by the author have shown that 
the development of brightness in the heads of comets with long conspicuous tails 
is characterized by values of n considerably smaller than for the round, diffuse, and 
nebulous types. According to spectral investigations the pointed heads of the bright 
comets contain larger quantities of solid particles and dust. As it is just these objects 
that show less development in brightness, we may conclude that in these cases the 
dust particles contribute considerably more to the total brightness than do the gas 
molecules which rapidly dissociate and become invisible. 

Until now, however, the detailed process of formation of dust and gas from the 
solid nuclei has not been elucidated. The various recent hypotheses concerning the 
structure of the nuclei and their « vaporation under the influence of solar heat still 
ippear for the moment somewhat artificial. Perhaps we shall one day succeed in 
establishing through photometric observations the particular kind of solar radiation 


which essentially governs the process inside the comets. 


6. INFLUENCE OF SOLAR ACTIVITY ON THE BRIGHTNESS OF THE (COMETS 


The photometric investigations carried out by the author since 19382. covering 


torty tour comets. clearly indicate a dependence of the total brightness of the heads 


on the state of solar acti ity It has become clear that the short period variations in 
the brightness of comets, which occupy a few days and are irregular, usually become 
much more pronounced and intense at times of high solar activity than at times of 
sunspot minima. Furthermore, there is a remarkable correlation between the varia 
tions of brightness of a comet and the relative sunspot numbers corresponding to 
the direction of the comet as seen from the Sun, and particular ly intense disturbances 
on the Sun’s surface can be shown to cause brightening of the comets. The coinci 
dence in time between these phenomena is so close that. within an observational 
accuracy if about |] day, no time-lags were noticeable. We know that the aurorae 
usually occur with a time lag of about ls to 23 days after the passage ota large sun 
spot group, which indicates a corresponding time of travel of the corpuscular radia 
tion which is responsible. For the comets, which are sometimes observed at 
distances of several astronomical units, we would expect under similar assumptions 
corresponding time-lags ranging from some days to a week. This indicates that in 
fact the secondary brightness Variations of comets are due to changes in solar electro 
magnetic 1 idiation. However. the idea which has prey iously occurred to N. RICHTER, 
that the light-increase is caused by ultraviolet outbursts associated with solar 
eruptions is in contradiction with our present views on the radiation processes in 
comets, According to the theoretical investigations by K. Wurm, solar radiation 
causes fluorescence in the cometary gas. The gas molecules, however, can only exist 
for a limited length of time within the radiation field of the Sun, since they very soon 
become ionized or dissociated. We should therefore expect increased ultraviolet 
radiation to accelerate the decomposition of molecules into their atomic constituents 
and thus cause a decrease in brightness. This contradiction is unexplained. 
Photometric observations of the total brightness of comet heads also lead to 
another very peculiar problem. When certain comets arrive in very high heliocentric 
latitudes and pass nearly over a pole of the Sun, their mean brightness frequently 
decreases ¢ msiderably. only to return to its old value when the comet returns to 


M. BrYER 955 


lower latitudes. This effect again, which has been observed by the author for five 
different comets, is at present unexplained. 

Future careful photometric investigations within certain definite spectral ranges 
should clarify all these strange correlations. Unfortunately, this task involves con- 
siderable difficulties. The results obtained hitherto all rest on visual estimates of 
brightness which, in spite of the application of special methods and careful measure- 
ments of the selected comparison stars, are insufficient to establish very small and 
rapid changes. Photoelectric measurements in various spectral regions should be 
able to settle the matter. The results would be of the greatest interest, not only for 


cometary research, but also for solar physics. 


7. COMETARY TAILS 
In conclusion we shall touch upon some problems connected with the observation 
of cometary tails. Much has been written on the development and the structure of 
these strange features. In spite of this, it has been impossible until now to explain 
all the phenomena satisfactorily. They are usually very delicate and faint and their 
presence and great variety of form have been revealed only by photography. It 
should not be forgotten that the exposure times required are considerable, so that 
some details are certainly distorted and diffused by the rapid motions and changes of 
the particles of the tails. Spectral investigations were until recently only possible 
for bright tails, using objective prisms. The few spectrograms of tails so far obtained 
differ very strongly from those of the heads. The bright bands of CN and C, are 
completely missing, and the emissions of ionized carbon monoxide CO* and nitrogen 
N,* are very prominent. Nevertheless it is important not to generalize, since these 
results only refer to a few isolated very bright tails, and exceptions are found even 
amongst these. For instance, the very bright comet 1910a showed, at a solar distance 
of r = 0-49 astronomical units, a pure continuous spectrum without emission. In 
spite of all this variety, a classification of the various types of tails is strongly sug 
gested to the observer, and even some decades ago it was believed possible to 
distinguish between three distinct types. According to BREDICHIN, to whom the 
mechanical theory of the cometary tails is due, the tails of his first type show 
narrow luminous streaks elongated in straight lines in the direction of the radiation 
pressure from the Sun; those of the second type are as a rule wider, more diffuse and, 
particularly at the end, more strongly curved. The tails of his third type deviate 
considerably from the direction of the Sun’s rays; they are short, still more strongly 
curved, and lag behind the comet (Fig. 2). All three types can appear with the same 
comet, either simultaneously or successively. According to recent theoretical 
investigations of K. Wurm, these three types probably refer to different phases of the 
same phenomenon. According to these new ideas it is possible that any type of tail 
can be formed from the matter streaming out of the nucleus. It is perhaps necessary 


to emphasize again the facts which are continually impressed on the observer. In 


the telescope, the tails of the first type are always very faint. The heads of these 
comets are round with central condensation, and a very narrow ray, or a fan of rays, 
often leaves the nucleus in the direction of the radius vector from the Sun. It is very 
surprising that photography on normal blue plates with short exposures shows very 
strong images of the tail. In addition, a tail some ten times as long as that seen 
usually, and containing many additional details, can frequently be seen. These tails 
consist of a narrow bundle of thread-like rays, in which condensations, flakes, dark 
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spaces, and knots appear. Usually this bundle is accompanied by thread-like single 
rays and by discrete luminous threads twisted together. The end of the tail is widened 
by the divergence of the rays. These photographically active tails have hitherto been 
almost exclusively the ones used in spectral investigation. The results for the tails of 
the second type are very different. The telescope shows the matter streaming out 
away from the Sun, in the manner already described, filling out the head before it 
turns back to form the broom-like, wide, and slightly curved tail. These much 
brighter tails, which usually have a somewhat darker channel along the axis, are 
photographically always a great disappointment. The plates do not show any more 


of this tail than has been already observed visually. Sometimes, however, they 


reproduce an unexpected strong tail-ray of the first type, lying in a somewhat different 
direction, which has escaped visual observation. Otherwise they do not contain 
single rays or sharply bounded knots any more than do the short diffuse tails of 
the third type. Systematic exposures through filters, obtained by J. CLASSEN in the 
years 1939 to 1943, have confirmed these findings. It should also be noted that the 
tails of the first type, without exception, conform with the direction of radiation 
pressure from the Sun. For the other tails considerable deviations occur. These can, 
as has been found on some occasions, even deviate by a considerable amount from 
the orbital plane of the comet. From the different manifestations in the structure of 
the tail, one would feel inclined to conclude that their constituents had different 
properties, were it not for statements in the literature which point distinctly to a 
similar spectral behaviour of the three types and support the probability of WuRM’s 
tail-theory. However, there are certainly differences between the visual, photo 
graphic, and spectral observations of the tails which cry out for clarification. 


S. ORIGIN OF THE COMETS (OORT AND SCHMIDT) 
The problem of the origin and evolution of comets has recently been attacked by 
J. H. OortT in a very remarkable investigation. On the basis of a statistical investiga- 
tion of numerous orbits of comets and of the changes which these have suffered 
through the influence of our neighbouring stars and the major planets, OorT suc- 
ceeded in proving that many of the newly discovered comets have entered the inner 
part of our planetary system from distances of about 150,000 astronomical units for 
the first time since their birth. Since every comet during its stay in the neighbour- 
hood of the Sun loses first the components of its material which can most easily be 
extracted from the nucleus, the new objects, which are still in their original state, 
will show a very different behaviour from the older periodic comets, which have 
passed through perihelion many times and are slowly approaching their end through 
disintegration. An investigation by Oort and Scumipt (1951) of the differences 
between the new and old comets led to the following very important results: (1) the 
frequency of original orbits with very large semi-major axes is much higher than 
would correspond to a semi-stationary state (this indicates that new comets dis- 
tinguish themselves from older ones by a rapid rate of deterioration); (2) new comets 
with perihelion distances q larger than | astronomical unit are exhibiting an 
exceptionally strong continuous spectrum, due to reflected sunlight; (3) photo- 
metrically the new comets are characterized by the slowness with which their 
brightness varies with distance from the Sun. The rate of variation of n depends on q. 
As regards tails there is an indication that comets with a strong continuous spectrum 
have a tendency to display simultaneously tails of different types. The results 
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given under (2) and (3) agree very well with observations by the author, who had 


noticed long ago the differences in photometric behaviour between the slim bright 


tail-comets and the round faint condensed objects. With some certainty one can tell 
from the mere appearance of a comet in a telescope whether it is an old or a new 
object 


9. PROPOSALS FOR FUTURE RESEARCH 

The preceding remarks were made mainly in order to stimulate future observations 
of comets. Even if spectrograms of objects which are often very faint encounter 
difficulties, exposures with suitable filters should provide important insight into the 
physical structure of the heads and tails. One should aim at obtaining an extensive 
series of short exposures of the photographically bright tails at rapid intervals with 
large reflecting telescopes, in order to be able to study their structure and the move 
ment of matter inside the tails. Finally, photoelectric photometry will find a field 
of application which has until now only been explored with very primitive means. 
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tall of comets, 


which may be obtained by direct photograpl photometry, and polarization techniques; the need for 

ati bservations is emphasized. It is f wed by a description of the emission spectrum 

the coma (from the OH emission near 73100 to the red CN band near 78100) and by that of the spectrum 

f the tail in the ultraviolet and photographic regions, with emphasis on the recently discovered bands 

The complex profile of the emission bands is shown to be due to a resonat fluorescence excitation, 

a int being taken of the absorption lines of the exciting solar radiation: ther possible excitation 

rechanisms are briefly mentioned The probable assignment of the 24050 g1 ip to the tricarbon molecule 

und its consequences are discussed. The ] r ends with physical considerations on the still unidentified 

‘missions, on desirable physical investigations, on the parent molecules, and the production and evolution 
of cometary atmospheres, and on the densities and the extent of molecules in the cometary head. 


INTRODUCTION 


PROFESSOR STRATTON'S thorough work was an inspiration to most beginners in the 


field of spectroscopy a quarter of a century ago. For this he deserves the deep grati 


tude of the astrophysicists of my generation. I wish to add my personal heartfelt 


thanks to Professor STRATTON for all the encouragement he has generously given me. 


It is with pride and joy that I dedicate this paper to our dear friend on his Jubilee. 


A comet consists essentially of three parts: a nucleus of small dimension, of the 


order of a few kilometres or less: a coma (or head) surrounding the nucleus and 


extending to hundreds of thousands of kilometres; and a tail which usually is directed 


away from the Sun and may have a length of millions of kilometres [1]. Except 


when the comets pass very close to the Earth the nuclei appear star-like in a large 


telescope. The diameters of these nuclei have seldom been measured and then only 
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in a rather crude fashion. For comets 1927 VII (Pons-Winnecke) and 1930 VI 
(Schwassmann-Wachmann), BALper {2| found diameters of approximately 400 m; 
the geocentric distances of these comets were respectively 5-8 10®km and 
8-4 « 10®km only at the times of the observations. Of course, BALDET’s observa 
tions do not exclude the presence of fainter nuclei in addition to the ones he measured. 
Actually double and multiple nuclei are often observed; the breaking of a comet 
into two or more comets [3] is not infrequent, a recent case having been the bright 
southern comet 1947n, for which spectra of the two components were obtained [4]. 


The nucleus has a very small mass; passage of a comet near a planet has no appre 
ciable influence on the latter or on its satellites even when the comet’s orbit is 
considerably affected. The structure of the nuclei has been discussed in several 
recent papers, for example, by VoRoNTSOV-VELYAMINOV [5| and by LEVIN [6]. 

The size and appearance of the coma depend on the molecular band in which the 
comet is observed. As will be seen later, different molecules extend to quite different 
distances from the nucleus; moreover, certain features like jets may have a charac 
teristic spectrum. A gaseous coma is much smaller if photographed near 44050 or 
26300 than if photographed near /3888 or 45150 or 44735. Actually the head of a 
comet may be the superposition of many features, jets, halos, and envelopes, as well 
as of an indefinite atmosphere. In general a photograph of the coma in the red will 
appear smaller than one in the green or the near ultra-violet. Isophotes in the red 
and blue region have recently been obtained by K. M. Yoss{7| for the periodic Comet 
Schaumasse (19511). While the separation of the characteristic emissions could still 
be greatly improved, the observations by Yoss reveal striking differences between 
the blue and red images. VORONTSOV-VELYAMINOV |8| has determined the decrease 
in density of C, and CN with distance from the centre of the nucleus, on the basis of 
photographs of the head of 1943 [ (WuHIppLE-FEDTKE). The first attempts at 
photographing comets through filters go as far back as 1907 (G. A. TrKHOY). 

As for the tail, various sizes and aspects may be encountered, from a set of sharp 
streamers to a diffuse cloudy appearance. The latest classification of cometary 
tails and heads is that of S. V. ORLov [9]. Just as in the case of the head, photo 
graphs of the tail taken in different spectral regions, corresponding to bands of 
specific molecules or to the continuum, may be different. T. CLAASEN found that the 
tail may appear sometimes in the ultra-vioiet and not in the red (Comet 1941 I, 
CUNNINGHAM on 29th December, 1940), or vice versa (Comet 1942 [V WHIPPLE, 
on 12th and 13th March, 1942). 

The data on the trajectories, aspects, and internal motions of the comets are 
essential to the understanding of these objects. Despite the large amount of accumu- 
lated data on the appearances of comets and on the motions within the head and tail 
we do not as yet possess enough information for a thorough discussion of many 
dynamical aspects of the formation and evolution of the heads and tails [11]. The 
first theory of cometary forms goes back to BESSEL’s treatise on Comet 1835 II] 
(Hauiey [12]). This was developed by BREDICHIN and by several Russian astrono- 
mers. Contributions are also due to A. Koprr and to A. 8S. Eppixneton [13]. Indeed, 
it may almost be said that we have not gone far beyond EppDINGTON’s classical 
‘fountain model” study of the transitory envelopes of Comet 1908 III (MoREHOUSE), 
Wurm |14] to the structure of the CO* tails 


although recent contributions by K. 
and of A. D. Fokkrer|15] to the fountain model itself have brought new light to the 
problem. On account of the complexity of the radiation emitted by the different 
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regions of a comet it appears that our crucial need at present is for well-planned 
simultaneous photographic and spectrographic observations. Inasmuch as possible 
the photographic observations should be made with filters transmitting only physically 
well defined radiations. 

Similarly it may be stated that the photometry of comets, despite the many 
thousands of published magnitudes, is still in a state of infancy as far as its contribu 
tion to the physical understanding of cometary mechanisms is concerned. As will 
be seen in detail later on, the light emitted by a comet is the sum of a continuous 
solar spectrum and of a number of molecular and atomic radiations. These con 
stituents of the light originate in different parts of the comets. The solar continuum 
comes mainly from the nucleus, while certain bands appear near the nucleus, others 
in remote parts of the head, and still others in the tail, either near to or far from the 
nucleus. Sometimes striking differences in colour (7.¢. in spectrum) appear in various 
details of a coma. While the comet travels around the Sun each constituent of the 


light varies in its own way with heliocentric distance. The observed magnitude, if 


it is not carefully limited to specific spectral ranges by using adequate filters, is a 
summation over all the contributions. It is obvious that such an integrated bright- 
ness has only a limited meaning. The colour index is known to vary greatly as a 
function of the heliocentric distance or even suddenly, as was shown already by 
TIKHOV in 1908, and more recently by KNox-SHaw (Comet 1910 II, HALLEy), 
KUKARKIN (1930 III, Wirtk), van ScHEwick (Comet 1937 V. FINSLER), and L. 
GIALANELLA (various comets from 1939 to 1942). Indeed the colour may differ 
from one detail of the head to another, and fluctuate rather rapidly. An effort should 
be made in the direction of “*monochromatic photometry’: accurate data, obtained 
with photoelectric receivers, on the variation with heliocentric distance of the 
emission by a specific molecule or in the continuum would bring most valuable 
information. An effort in this direction is presently being made at the Leiden 
Observatory [16], and other astronomical institutions are contemplating similar work. 

Poor as they are, the integrated brightnesses have already led to interesting 
conclusions. Recent refinements in the photographic photometry by Baupet [17] 
and in the visual photometry by MERTon [18] will still improve these data. It is to 
be hoped that adequate filters will eventually be combined. It is on the basis of the 
presently available crude estimations of brightnesses that BoBROVNIKOFF, LEVIN, 
VSEKHSVYATSKY, Link, BouSka, VANYsEK, SvesTKA, and others discussed the 
variation of the brightness as a function of heliocentric distance, for different comets. 
at different returns (if periodic), and before and after perihelion passage. The most 
thorough discussion is that by BoBROvNIKOFF [19]. If the variation is represented 
by a formula / , . (r = heliocentric distance, p — geocentric distance), a wide 

pr 

range in values of /, and of n is found for different comets [20]. Actually it is clear 
from the above that the notion of the absolute magnitude /, is highly artificial 
if based on integrated brightnesses. As for n, this should indeed \ ary erratically when 
it results from an integration over spectral ranges of different physical significance. 
These old magnitudes, crude as they are, have greatly helped OortT and ScHMIDT 
in their beautiful comparison of “old” and “new” comets and in their discussion 
of the origin of these objects. 

Comets may differ greatly in the amount of gas which they generate. Let us desig- 
nate by Am the difference in magnitude between the comet as a whole and the 


P. SWINGS 961 


nucleus. It is found that Am depends essentially on the distance and is usually a 
maximum at perihelion or somewhat later. However, Am is sometimes unusually 
large. Sometimes, too, there is practically no atmosphere (example: Comet 1913 ITI, 
NEUJMIN, period 17-9 years, Am 0-5m). Comets may appear stellar at certain 
times and have a coma at some other time (example: Comet 1925 Il, ScowassMANN 
W ACHMANN). 

It is obvious that physical studies on comets require the knowledge of the orbit 
data: helio- and geocentric distances, perihelion distances, periods, radial velocities 
relative to the Sun, departures from expected motion (as in the case of ENCKE’S 
comet, and others). Important arguments in favour of WuHrppLe’s model of the 
comet nucleus which will be mentioned later are based on the acceleration or decelera- 
tion of certain orbits. Intensity distribution within bands can be interpreted only 
by taking into account the radial velocities. In this case, as in most others, astro 
physics cannot be separated from astronomy and celestial mechanics. 

The polarization of the light of comets was observed as early as 1819 by ARaGo; 
other observations were made by Seccut, 1861-7, A. W. Wricurt (1881), DANJOoN 
(1927). The latest measurements which were conducted a few years ago by OHMAN 
|21] had their special usefulness. Their theoretical basis is the following. For transi 
tions such as & — &, Il — Il the total polarization of fluorescence bands excited by 
unpolarized light should be equal to 7-6 per cent. For a transition such as © — II, 
involving a change in A, the polarization should be 19 per cent. If the values 
obtained for cometary bands should be found to be lower than these values, this 
would indicate the presence of a mechanism other than fluorescence, such as excita- 
tion by collisions. OHMAN’s observations gave weight to the assumption that the 
emission of various cometary radiations is due to a fluorescence mechanism excited 
by solar radiation. From all the obseryations it is apparent that the amount of 
polarization in comets and its distribution show fluctuations just as the brightness 
and colour. 

The most important data on cometary physics gathered in recent years result 
from the spectroscopic observations combined with the photometric and geometric 
data. The first visual observation of a comet spectrum was that of comet 1864 II 
(TEMPEL) by Donati in 1864; the first slit spectrogram was photographed in 
June, 1881. Since then the spectra of about seventy comets have been observed 
photographically [22]. 

The essential object of this paper is to describe the present status of our knowledge 
of the cometary spectra. Topics which are closely related to the spectra will also be 
mentioned briefly, but the general field of cometary physics will not be discussed in 
detail.* Since the surface brightness of comets is in most cases very weak spectro- 
graphs of high luminosity must be used. One of the most efficient combinations 
employing a plane grating and a solid Schmidt camera has been recently discussed 
by T. L. PaGE[23]; several of the new results described later on were obtained with 


this instrument attached at the prime focus of the 82 in. reflector at the McDonald 


Observatory. Suppose that we photograph the slit spectrum of a comet while guiding 
as carefully as possible on the nucleus (or on the brightest central part of the coma). 
Each point along the length of the slit—hence along the spectral line, since astrono- 
mical spectrographs should always be stigmatic—w ill correspond to a given region of 


* See also M. BEYER’S report “‘On the present situation in cometary | h”’ in Vistas in Astronomy, { 158, 1956, 
being the preceding article in this volume 
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the comet. The slit may even be oriented in the direction of the tail, thus giving us 
part of the tail spectrum in addition to the coma and nucleus. The nucleus will give 
usa very narrow spectrum identical to that of the Sun with the usual solar absorption 
lines the nucleus is a solid or a set of solids which simply reflects solar radiation. 
On either side of the narrow solar continuum of the nucleus the spectrum reveals 
emissions extending to a variety of distances from the nuclear continuum, On 
these discrete emissions a solar continuum is often superposed, showing that the 
coma may sometimes contain solid particles in addition to gases. If the slit covers 
the tail, the corresponding characteristic emissions are also observed, extending to 
various distances. This matter of extension will be discussed later on. The spectra 
of different comets observed at the same heliocentric distance may differ considerably 
in the Intensity ratio, either of the continuum to the emission bands, or of different 
bands relative to each other. Moreover the spectrum varies considerably with the 
distance from the Sun. It is largely continuous at distances oreater than 2:5 A.U. 
It is obvious that slitless spectrograms give the whole distribution of the different 
emissions within the comet. However, only slit spectrograms were used in the 


descriptions which follow, and these require a fairly high resolution | 24 


2. DESCRIPTION OF THE SPECTRUM OF THE HEAD 


At its ultra-violet end a comet spectrum shows the (0, 0) band of the 4? > XII, 
transition of OH|25)|. However, the aspect of the OH band in comets differs radically 
from any laboratory source, even at a low temperature. The (0, 0) band of OH is 
easily obtained in emission in the laboratory, and it may also be obtained in absorp 
tion without too much difficulty. It has four heads, two R and two Q: on laboratory 


spectra the most clearly defined head is that of R, at 23064. However, in comets 
the OH band consists only of very few sharp lines. For example, eleven lines (seven 
fairly strong) measured in Comet 1941 IT (CUNNINGHAM) had wavelengths from 
A3078:°5 to 43106-0: in Comet 1947 & (BESTER), eight lines were measured, from 
23081-5 to 43107 [26]. The intensity distributions among the lines were entirely 
different in 1941 I and 1947 k. and did not resemble any laboratory source. The 
wavelength of the individual cometary lines of OH coincide perfectly with the labora 
tory values for small rotational quantum numbers (low temperature source!), but 
the relative intensities differ radically. This remarkable behaviour of OH repeats 
itself for all other molecular bands, except the Swan bands of C, which do not differ 
much in comets and in the laboratory. This matter will be discussed later on. 

The (1, 1) band of OH has also been observed in various comets; it extends from 
43134 to 43159. Its presence remained in doubt for some time, since the wavelengths 
of most of the lines coincide with those of low temperature lines of the (0, 0) band of 
the Fortrat system of CH (C?X - X*I1). However it has now definitely been shown 
26| |27]|, that the faint cometary emissions near 43140 are due essentially to the 
(1, 1) band of OH, and that the contribution by CH can only be minor or absent. 

The (0, 0) band of NH, transition 4#I1, — X'S, is usually fairly strong in comets: 
as in the case of OH, the rotational intensity distribution in comets is, in its essential 
features, of the low temperature type, but differs in its detailed structure from that of 
laboratory sources of any kind. The (1, 1) band of NH is not observed. The intensity 
ratio of the OH and NH bands differs in different comets, and varies also with helio 
centric distance [26]. The OH and NH bands of comets were discovered at the 
McDonald Cbservatory in 1940 [2s]. 
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Progressing toward longer wavelengths we then encounter the (1. 0) band of the 
violet (B2 - X?X*) system of CN near 43590 which reveals itself by three fairly 


broad emissions in most comets. This spectral region contains also the (0, 0) band 


of OH, system #11, —- X3X-. There seems to be fair, although not quite conclusive, 


evidence in favour of the presence of this OH* band in comets [29]; better observa 
tional material in this spectral region is desirable. The difficulty of an entirely 
convincing identification of OH~ is due in the first place to the low resolution of the 
observational material presently available and to blending with the CN band and 
possibly with other bands (since many molecules have strong emissions in this region 

Moreover, the exciting solar spectrum is extremely complex in this region and this 
as will be shown later, should lead to a peculiar rotational intensity distribution among 
the OH®* lines [29]. At any rate the (0, 0) band of OH*, which is probably present 
in comets, is weak, and the transitions corresponding to higher vibrational quantum 
numbers, such as (0, 1) at 243983, (1, 1) at 43695, and (1, 0) at 23332, must be absent. 

The sequences Av 0 and | of the violet system of CN are found in practically 
all comet spectra. Their rotational profiles which are most remarkable will be 
discussed in a later section. 

On the shortward side of the Av sequence of CN, occasional weak emissions 
confined to the most central region of the coma, have been observed: they are not 
easily detected on the solar continuum; they have been studied recently, but are 
still unidentified [30]. 

On the longward side of the Av sequence of CN, there appears on strongly 
exposed spectrograms the 5b? - X7I1 system of CH. In comets this electronic 
transition is much weaker than the A?\ —- X*I] system near 74314, but stronger 
than the Fortrat system, C?X - X27], near 43145. The B?> - X2I1 band con 
sists mainly of seven or eight faint emissions, from 23886 to 23921 (branches Q and P, 
to Kk 6), all restricted to the central part of the coma [28]. In the 4?2A — X?I] 
transition the strongest emission is a blend of Q-lines at 44313; the R branch which 
extends on the shortward side contains usually six lines and is stronger than the P 
branch observed on the longward side (tive lines). The OF 1) band if present is hope 
lessly blended in (0, 0). No trace of any line due to carbon deuteride is found. As 
in the case of OH, NH, and CN, the rotational intensity distributions in the CH 
system are not the same as In laboratory sources. 

Between the strong sequence Av 0 and the weaker one Av l of CN, 
almost all comet spectra show a set of emissions centred around 74050 which we 
shall call the “44050 group”. We shall discuss this group later on. 

In the region 24240. three emissions which have been observed in several comets at 
774231, 4238, and 4254 may be rather convincingly assigned to the (0, 0) band of 
(C'H*, transition Il —-?X* [31]. If this identification is correct three emissions at 
27.3954, 3963, and 3972 may be assigned to the (1, 0) band of CH*. All these emissions 
are P,Q, and R lines of a low rotational number. These lines are present in the head 
and in the tail: the extension of (H®* into the tail is much shorter than that of 
CO* and N,*. The identification of CH* has been discussed by MCKELLAR [32], who 
has tentatively envisaged that certain emissions assigned to CH* might possibly be 
due to SiO,; the evidence in favour of SiO, is weak and the identification of CH 
may be considered as fairly safely established. 

Longward of the 7A — “II system of CH lies the strongest emission of the visual 
region, the Swan system of C,, transition A®*Il, — X3Il,. Contrary to OH, NH, 


f the comets 


G4 


CH, and CN which have vibrational and rotational intensity distributions of the low 
temperature type (although not quite identical with the intensities in low tempera 
ture laboratory sources), the Swan system is represented by many vibrational bands, 
und each band has many rotational lines. In a general way the Swan system is of the 


high temperature type, roughly similar to a laboratory source at a temperature of 


the order of 3000 K, although differences in intensity distributions are present. 
There exist five other well-known systems of C,, one of which, (5°11, — XII), the 
Fox-Herzberg bands. is connected to the ground electronic state. The latter is not 
ybservable because the only bands longward of 43000 are too weak. No trace is 


yuund of the othe S\ stems: then uppel electronic states are not connected to XII 


by strong transitions. 


Within the Swan system the sequences Av () |. and | are intense: the 
sequences Av 2 and 2 are weak. On strongly exposed spectrograms of comets 
which are not too distant from the Sun, the Swan system is usually richly represented : 
the sequence Av 2 may show up to six bands. The relative intensities of the 
(‘, bands will be discussed later on 


Several recent paper's 33] have emphasized the structure appearing within the 


4 


lescribed in detail for 1947 XII (bright southern Comet) and for 1948 | (the other 


swan bands and especially between the sequences Such structures have been 
bright southern object While certain details are due to complex intensity distribu 
ons with the bands. there 1s little doubt that 1 numbe1 ol fairly weak eMISsIONS 
must be due to as yet unidentified molecular systems 
The visu | region of the comet spect 1 remained rathe neglected for a long time. 
Indeed observations with sufficient resol, Ing power are still highly desirable. How 
ever, a number of interesting results have already been obtained. A few strong 


emissions appearing only in the central part of the coma (in sharp contrast with the 


Swan bands extending far into the head). had been observed in the region 4 5000 
especially at 445978 (int. 4). 5996 (2), 6299 (6), 6334 (2 6621 (27>). It was shown 
in 1943 134] that these emissions belong to the x-band of ammonia. assigned to the 
NH, radical. Many other weaker emissions in the region / 5000 seemed to belong 
to the same NH, molecule |34] [35 Proisy [36] added a number of suggested 


identifications in the region 44250 to 46440 on the basis of his laboratory investigation 
of discharges in ammonia vapour. The analysis of the NH, spectrum which is at 
present in progress [37| should contribute considerably to clearing up the visual 
region of comet spectra 

When a comet approaches the Sun to about O-S A.U the sodium D doublet appears 
3S this vellow line may actually reach a very high intensity at small heliocentric 
distances. The brightness otf Comet ISS2 Il (WELLS) neat perihelion Was due almost 
entirely to the Na-emission: the same is true for Comet 1927 IX (SKJELLERUP) 

Two problems which remain rather unsettled concern the red (4?I] — X?X>) 
system of CN, and the as yet hypothetical intercombination transition b?& - All 
of CN. Attention was focussed on the red system of CN, despite the low transition 
probabilities of the red CN bands below AVOOO compared with the (O. O) violet band. 
as a result of the observation in 1947 XII of strong emissions at 27906 and /S8106. 
It was the first time that the infra-red photographic region of a cometary spectrum 
had been covered |[39]. and only two strong emissions appeared between 46700 and 
28900 (28900 was the limit of the ammonia-hypersensitized I[N-emulsion). The 


emissions / 7906 and 48106 are strong (of the same order as the (0. 0) violet band of 
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CN), but are confined to the central part of the coma, instead of extending far out 
into the head, as the CN or C, bands do. 27906 is stronger than 28106 by a factor of 
2 or 3. The identification of these two infra-red emissions is fraught with difficulty, 
especially on account of the low resolution used. The almost perfect coincidence 
with a vibration-rotation band of ammonia observed in the major planets led to an 
attempt to assign the new emission to a polyatomic molecule. Beside NH,, other 
polyatomic compounds—hydrogen cyanide HCN, acetylene C,H,, carbon dioxide 
CO,—have bands at or near 47906 and /8106, although the intensity profiles of these 
bands drawn by HuNaAErTs [40] do not agree perfectly with the cometary profiles. 
However, there is a general objection to the assignment of a cometary emission 
to any vibration-rotation band appearing in this region. Such bands have always 
a small absorption intensity; hence it would be surprising to find them in emission 
when there are much stronger absorption bands in the ultra-violet that would lead 
to photodissociation. Finally, it was found preferable to consider the diatomic 
molecules as possible emitters of 247906 and AS106. 

A fairly good concidence in wavelength arises with the (2, 0) and (3, 1) bands of 
the red system of CN: the CN profiles are also reasonably similar to those of the 
cometary emission [41]. It seems at present plausible to assume that the (2, 0) and 
(3, 1) red bands are really responsible for the cometary bands. However, two serious 
difficulties remain: (1) the f-value of the (2, 0) red band of CN is small compared to 
the (0, 0) violet band [39], while the infra-red cometary emission is about as strong 
as A3880; (2) the infra-red emissions are confined to the central part of the coma, 
while the violet bands extend far out into the head. It would thus seem that the red 
and violet systems cannot be excited by the same mechanism. Some mechanism 
other than fluorescence—well established for the violet system—should be found for 
the infra-red emissions. Since the A*II state of CN has a low energy it was first 
thought that the solution may be found in a process of photodissociation of a parent 
molecule, but grave difficulties are encountered. The infra-red bands may possibly 
be excited by the collision of solar particles 

If we assume the assignment of 47906 and AS106 to red CN bands to be correct 
we should examine the possibility that other red CN bands corresponding to higher 
vibrational transitions may also be present. Indeed eight or nine emissions between 
25730 and 26641 agree reasonably well with bands of the sequences Av 5 and 4 
of the red system [34] [26] [28] [42]. Actually the (4, 2), (3, 0), and (4, 1) bands 
appear also to be present in the near infra-red region [26]. 

Since the violet b?X*> — X*X> system of CN is strong in comets, and since the red 
A*I] — X*X> system appears to be also present (and possibly strong), one may 
wonder whether the intercombination system 5? - A*I] could not be observed. 
As far as we know, this transition has never been found in the laboratory; however 
since the corresponding system has been observed for CO* (Baldet-Johnson bands), 


the search for it should have some meaning. “Synthetic profiles” have been prepared 


for many bands of the intercombination system by J. HUNAERTS [43], and their 


theoretical relative transition probabilities have been estimated. Limiting ourselves 
to the (0, 0), (1, 0), and (0, 1) bands, maxima should appear near the following 
wavelengths: 
(O, 0) 6002 5325 , 1) 6724 
5989 Dake 6708 


5981 5307 6698 


spectra of the comets 


data this however, 


The available observational do not exclude identification ; 


still unfinished discussion is required before anything more may be stated. 


3. DESCRIPTION OF THE SPECTRUM OF THE TAIL 


For many years the main characteristics of the tail spectrum* have been known to 


he the omet-tail system” A?II -X°S> of CO* and the “negative system”’ 
RY - X¥*> of N,*, the lower electronic levels of these systems being the ground 
states of CO> and N, \s was mentioned before (H* emission is also observed in 


the tail in the neighbourhood of the head. Tails have been observed in which the 
solar continuum or the CN bands were strong. Comet 1947 k (BESTER) provided a 
good opportunity for securing for the first time slit spectrograms of fair resolution 
extending into the ultra-violet to 43370.7 

In addition to the known bands the slit spectrograms of the tail of Comet 1947 / 


BeESTER) revealed many emissions, most of which were rather weak, although 


three at 773378. 3509. and 3674 reach a considerable intensity [26]. The (wv’. 0) and 
1) progressions of the comet-tail system of CO* are observed from v’ 6 to 


| | 44 The profiles ind longward shifts of these bands | 26 $?]. are consistent 

with a rotational temperature of the order of 300° K the intensities within a vibra 
nal progression differ from those in the laboratory, which is quite understandable. 
In the astronomi€ i region the CO molecule possesses another transition. the 
Baldet-Johnson System™’, connecting the upper level b*X> of the first negative 


system with the upper ievel {-]] of the comet tail system. Wi RM/|45 has suggested 


that this B2% —- 42Il transition should be found in comet tails. Indeed, the (0. 0), 
0.23.41. 0 und (2. 0) transitions of the Baldet-Johnson S\ stem have been found in 
the tail spectra of Comet Bester | 26 The levels v 0. 1. 2 of the Baldet-Johnson 
system are reached from the sround state XY? hi () by means of the (v’. 0) bands 
of the first negative system Bed - X2D> at 4/2189-8, 2112-4, and 2042-3. The solar 


radiation in this region is much weaker than in the violet region: this fact, added to 
the lower f-values usually assumed for the B.J. relative to the C.T. system, accounts 
for the observed weakness of the B.J. system compared with the (.T. transition. 

The (0, 0) band of Ny” is strong: its width indicates a “rotational temperature” 
higher than that for CO~. Most othe N. transitions are blended. 

After the CO* and N,° bands have been identified, there remain a number of 
unassigned tail emissions. three of which. at 443378, 3505, and 3674. are out 
standing. These wavelengths agree closely with those of the origins of the (1, 0), 
0. 0). and (0, 1) transitions in the 71] - =|], spectrum of | QO,*, recently analysed by 
Mrozowsk!1/46}. II, is the ground electronic state of CO, the bands have a fairly 
simple structure, the | Q, molecule being linear in both “II states. All the strong 
bands observed in the laboratory may be attributed to symmetrical vibrations, 
y,, the CO,* molecules remaining in their lowest states of », (bending), and vr, (anti 
symmetrical vibrations). The CQO, identification in comets is Convincing: recent 


work on the theoretically expected profiles ol the hands {?| confirms the assignment: 
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eight tail emissions turn out to be due to CO,’. This molecule may thus be added to 
the three previously known tail molecules: CO* (strong bands), N,* (strong (0, 0) 
band), and CH* (weak emission); the presence of OH* remains still somewhat in 
doubt. The CO,* ion extends into the tail to shorter distances from the head than 
CO~ or Ny. It is well known that CO, dissociates into CO QO by absorption of 
radiation near 41700 [47]. The identification of CO, indicates that by absorption of 
ultra-violet solar radiation an appreciable portion of CC ), becomes ionized. 

The CO,* emissions also appear strongly in Comet 1941 L (CUNNINGHAM) [48]: 
they had not been observed with certainty in comet tails before, probably because no 
ultra-violet slit spectrogram of tails had been obtained prior to 1940. There still 
remain a few weak unassigned ultra-violet and violet emissions in the tail spectra. 
Moreover, we have practically no observation of the red region of tail spectra. The 
presence of NO bands (f system, Bb7Il — X71, 0-9 transition, 23376—-A3386) is not 
excluded, although it is hard to understand how NO molecules could live for hours or 


days in the tail without becoming photo-dissociated or photo-ionized. 


t+. THe ExciraTION MECHANISM 


On various occasions we have stressed the fact that the intensity distribution within 
the cometary bands differs from those found in laboratory sources even at low tem 
peratures. Until 1941 numerous fruitless attempts had been made to interpret 
these peculiar distributions |28] [49]. The CN band near £3880 provides a striking 
illustration. Instead of showing smooth rotational intensity distributions within the 
P-branch (forming the head on the longward side) and the shortward degraded 
R-branch, cometary spectra reveal complex CN profiles. Even with moderately 
low dispersions the P branch presents at least two maxima, one near P(3) and one 
near the head, with a deep minimum around P(5); similarly the R branch has a 
maximum near A(1) and a deep minimum around (3). Different comets differ in 
the profile of CN bands. At times it was thought that the comet head contained two 
or more kinds of CN radicals, resulting from the photo-dissociation of different parent 
molecules| 49] and having different rotational temperatures| 28]. It was also suggested 
that the selectivity was similar to that observed by HERZBERG in the laboratory in 
exciting the CN bands in active nitrogen. With higher resolution the structure 
appears even more complex. If the rotational structure is resolved [32] [50], the 
individual (N lines follow each other with most irregular intensities. Similar, 
although less striking, results are observed for CH, OH, and CH~*, as well as for the 
other bands of the violet system of CN. 

The general interpretation of these complex profiles was given in 1942 [51]. It has 


usually been assumed in recent years that the main molecular bands, and also the 


Na lines, are emitted in a fluorescence process exicted by solar radiation. As we 
have seen in the case of the red bands of CN, there seems to be a need for an additional 
mechanism: whether the latter is the photo-dissociation of a parent molecule, or 
whether the old “cathodic hypothesis” defended long ago by DESLANDRES should be 
revived and modernized, will be examined later. The suggestion that cometary 
emission results from fluorescence was actually put forward by K. SCHWARZSCHILD 
and Kron in 1911 [52], and developed theoretically by ZANSTRA in 1928 [53] and by 
Wurm in 1934 [54]. The main result of ZANSTRA and WuRM is that the observed 
luminosities of comets having strong emission spectra are of the order of those 
calculated on the basis of a fluorescence excitation. All the cometary phenomena 


he spectra of the comets 


indicate also that collisional effects must be unimportant in cometary atmospheres. 
An observational test of the fluorescence hypothesis was provided by OHMAN’S 


measurements of polarization which do indicate that fluorescence is operative in 
comets. 

Let us assume that the excitation of the CN cometary molecules is due exclusively 
to the absorption of solar radiation. The population in an excited rotational level 
kK’, from which the two emission lines P(A’ 1) and R( kK’ 1) arise, can then be 


expressed as follows* 


Ne tc Nes, Rp. tp + Ny. Pe” . 1p, coxukee 
where .V;, and wV;,. are the populations in the rotational levels A” ‘Se | 
and Kk K | of the ground electronic and vibrational state; p‘?’* and p%* the 
transition probabilities of the absorption lines P(A’ |) and R(K’ 1); and 
/, and 7, the intensities of solar radiation for the wavelengths of P(A’ 1) and 
R(A 1), corrected for the radial velocity of the Sun with respect to the comet 
ordinarily this correction is of the order of + 0-25 A). 


W hateve1 the distribution Nx may be. Nx will depend on the profile of the 
solar radiation. If one plots the wavelengths of P and F# lines on the Utrecht 
Photometric Atlas of the Solar Spectrum, it appears strikingly that the deep minima 


in the sola? spectrum in the region of P(6) and P(7) and between R(2) and R(7). due 


to strong Fraunhofer lines, are undoubtedly the cause of the very low intensity of the 


he and R lines corresponding to 3 A ‘. Whatever the radial velocity of the 19 


comet relative to the Sun may be, P(6) and P(7) will always fall in a deep minimum 


of the solar spectrum caused mainly by 43878-02 (Fert. solar int. 8) and 43878-57 


Fe 1, solar int. 7). By examining carefully the solar absorption lines it is possible 


to explain qualitatively in a convincing manner the observed structures in cometary 


bands. The radial velocity may have an important effect in bringing a specific 


cometary absorption line inside or outside a strong Fraunhofer line. It was known 


that comets observed at the same heliocentric distance sometimes showed different 


(‘N-profiles: these differences are fully explained by radial velocity effects. It is 
er molecules: OH. 


obvious that similar considerations may be applied to the otl 
NH, CH, C, 

The first more or less quantitative tests of this hypothesis were made by MCKELLAR 
55| for the CN and CH bands of Comets 1939 IIL (Jtrtor), 1941 1 (CUNNINGHAM), 
and 1943 I (WHIPPLE). MCKELLAR adopted a Boltzmann type of distribution for the 
rotational levels of CN in the ground state. The “rotational CN temperatures” were 


chosen to give the best agreement in wavelength between the observed main maxi 
mum of the P branch of the (( 
compute | intensity curve. In applying formula (1) the intensities were taken from 


, 0) band of CN and the corresponding maximum of the 


the Utrecht Photometric Atlas of the Solar Spectrum with due correction for radial] 


velocity shift. The computed relative intensities of the emission lines were then 


plotted as rectangles of a height proportional to the calculated intensity and a width 


equal to the projected spectrographic slit width [60]. A few obvious transformations 


of the calculated diagrams were applied in order to make them as nearly comparable 


as ossible with actual rofiles. Every observed apparent maximum has its corres 
I P} 


yonding counterpart in the calculated profiles. Had the effect of the contour of the 
I | | 


s that the molecules in the ground electronic level are all in the lowest vibrational state. In general there 
veing taken of the different absorption probabilities 
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solar spectrum been neglected, the calculated profiles would have been smooth with 
no subordinate maxima. 

These results provided the most direct observational proof of the fluorescence 
mechanism of cometary emission. 

The radial velocity of the comet relative to the Sun affects considerably the rota- 
tional profiles. This effect has been found for CN, OH, NH, and CH. It may even 
influence appreciably the total intensity of a cometary band. The heliocentric 
distance r also affects the profiles: there is an increase in “‘rotational temperature” 


] 


of the CN molecules as 7 decreases. This effect had been found previously [57] [28], 
but became more clearly defined [55]. The “rotational temperatures’? found for CN 
are of the order of 300 or 400°K, depending on r. 

When the rotational structure of CN had been totally or partially resolved [32] 
[50], the observed intensities of the individual CN lines agree with the theoretically 
expected values. 

Qualitatively the resonance mechanism explains readily the profiles of the CN, 
CH, OH, NH, and CH®* bands. Quantitative discussions beside those of MCKELLAR 
have been performed by J. HuNArERTS [27] |40] [42], J. Duray, FEHRENBACH, 
and Courtes and others. At first a Boltzmann distribution among the rotational 
levels of the ground electronic state was assumed. Actually such an assumption is 
not justified, since the conditions for thermodynamic equilibrium are not fulfilled 
(no collisions!). <A first logical extension consists in obtaining from the observed 
intensity profile of a given molecular band the distribution of molecules among the 
rotational levels of the excited electronic state involved in its production; from this, 
assuming the resonance mechanism, one may derive the relative populations on the 
rotational levels of the ground electronic state. Such work was done by MCKELLAR 
58| for the CH molecule, using the 44315 band as observed in the spectrum of 
Comet 1941 I at 7 0-54 A.U. McKELuLAR found that nearly all the CH molecules 
exist in the two lowest rotational levels, A” land Kk” 2. of the normal 2IT state. 
PoLoskov [59] has also contributed to this problem. 

In the absence of collisional effects, the primary mechanism which is involved in 
populating the vibrational and rotational levels of the ground electronic state is the 
absorption of solar radiation. This point was stressed by WuRM [60] and may easily 
be illustrated in the case of the (0, 0) violet band of CN which has no Q-branch. In 


absorption, the R( A) line is stronger than P(A); this tends to overpopulate the level 


kK K | relative to Kk’ K | in the excited electronic state. In the emission 
from Kk’ K l, the P(K 2) line is stronger than R(A): this tends to populate 
the higher A” levels. If the solar radiation did not have absorption lines, we should 
expect a smooth distribution among the rotational levels. Whether this distribution 
would be of the low- or of the high-temperature type depends on the depopulating 
process. Downward transitions between rotational levels belong to the pure rota 
tional far infra-red spectrum. If this spectrum is theoretically permitted—which is 
the case for heteronuclear diatomic molecules—the downward transitions will be 
able to depopulate the A” levels. The deciding factors are evidently the relative values 
of the time between successive absorption processes and the lifetime of the rotational 
states. We may thus understand why the bands of CH, OH, NH, CN, and CH* 
have, on the whole, low temperature rotational distributions. Of course, beside the 
heliocentric distance, the individual characteristics of the molecules are also of utmost 
importance in determining the actual distributions. These characteristics are mainly 


The spectra of the comets 


the dipole moments and the band structure (e.g., the presence of a strong Y branch, 
as in CH, reduces the tendency of molecules to reach higher A values). 

The situation is quite different for a homonuclear molecule such as C!C!*, for 
which the pure rotational spectrum is forbidden. Molecules may then accumulate 
on higher rotational levels and simulate a high-temperature rotational distribution. 
Considerations of a similar character apply to the vibrational levels. 

It is easily seen that, as a result of the influence of the solar absorption lines, a 
more or less irregular distribution amongst the rotational states A” may be brought 
ibout. This explains McKellar’s result in the case of the CH molecules. 

These considerations illustrate the artificial character of the concepts of vibrational 
and rotational “temperatures” of cometary bands. The “temperatures” obtained 
from different molecules may differ considerably. At the same heliocentric distance 
the rotational temperature which best fits a CN profile may be 435°K, while the CH 
profile would require 200° K. 

The profiles of the C, bands in comets have been studied by J. HUNAERTS [61] and 
by Ch. FEHRENBACH and G. CouRTES [62]; the most recent investigation is that by 
A. McKetrar and J. L. CLimennaca [63]. For C, the rotational and vibrational 
temperatures obtained for the ground electronic level agree rather well; they are of 
the order of 3000-4000 K. A variation of heliocentric distance affects the “tempera 
ture” of C, bands, just as it does for CN. The synthetic profiles of the C, bands 
interpret certain anomalous emissions observed between the C, heads which are 
actually due to the distortion of the profiles caused by the solar absorption lines. 
However, this does not explain all the emissions which have been observed within 
the Swan sequences. 

Assuming that the resonance mechanism is totally responsible for the cometary 
emission of bands such as OH,CN,. . . , it is possible to obtain valuable data on the 
lifetimes of molecules in rotational levels, by following the theory of cyclical transi 
tions [64|. A remarkable application of this idea has been made by J. HUNAERTS 
27] to the case of OH. for which the absolute transition probabilities in the (0, 0) 
band are known [65], as well as the relative transition probabilities of the different 
vibrational bands [66]. HUNAERTS showed that it is impossible to interpret correctly 
the OH-comet band if a Boltzmann rotational distribution on the lower electronic 
level is assumed. Starting from molecules which are all on the rotational level 
k’ 0 of *I1,,. and *Il,, (J” | 2 and 3/2) the observational data are satisfactorily 
interpreted if a single absorption and re-emission process is admitted. In other 
words infra-red transitions between the lowest A”-levels must take place more 
frequently than the successive absorptions of solar radiation (average time interval 
at 7 1 A.U. of the order of 500 sec.). The transition probability for the pure 
rotational line of OH is thus greater than 2 10-3 see.-}. 

The other cometary molecules may be treated in a similar way, once the corres- 


ponding absolute f-values are known. It seems probable that all hydrides will give 


similar results. In the case of C, which has no permanent dipole a temperature of 


the order of 3000 K for the ground electronic state accounts for the comet spectra. 
A Boltzmann rotational distribution in the upper electronic state corresponding to 
‘I 5000 to 7000°K gives similar results, although not quite so satisfactory. The 


case of CN is intermediate between the hydrides and (, as far as the number of 


populated rotational states is concerned; however, the CN bands correspond to a 
low temperature like the hydride bands. At any rate the lifetime of the lower K’ 
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rotational levels of CN is greater than the average time between two absorption 
processes | 27]. 

These considerations show that identification should proceed with great caution, 
since the intensities in comets may differ so much from those in the laboratory. 
Wavelength coincidences are only a first indication. The final test of an identifica- 
tion should be based on the subdivision of the exciting radiation into a number of 
monochromatic excitations. The excited pattern is the superposition of resonance 
doublets (or singlets or triplets according to the type of electronic transition), each 
consisting of a P- and an A-line, and each having a specific intensity. We should 
thus not expect the pattern to resemble closely the intensity distribution in a labora 
tory spectrum, even in a low temperature source [67]. “Synthetic profiles’ are of 
the greatest help. 

While there is no doubt that the CN (violet), OH, NH, and CH bands are emitted 
by fluorescence, there remains the possibility that other bands may be excited by 
some other mechanism. This could be the case especially if the excited level of the 
band has a low energy. A band may be excited in a process of photo-dissociation of a 
parent molecule, of the kind 


HCN + hy > CN + H. 


Or it may be excited by collision of a solar electron or proton or other particle: this 
latter process will be considered again later. 

If fluorescence is completely or partially absent for a band, it would be observable 
in the profile of the band and in its polarization, 

When examining a possible identification, attention should also be given to the 


physical properties of the molecule. Let us take as an example the case of the O, 


molecule. When the first ultra-violet slit spectrograms of comet tails were obtained 
in 1948, a few intense emissions remained unassigned. They coincided strangely 
) system of O,. Yet 
despite the striking coincidences the assignment of the ultra-violet emissions to O, 


with several bands of the Schumann-Runge (532, +> X°X, 
was rejected for the following reasons: (a) the relative position of the potential 
energy-curves of O, is such that the excitation of O, from the ground state X°% 
to the excited level B°X will frequently lead to dissociation; (6) the relative inten- 
sities among the vibrational bands arising from the same excited level v’ 0 
were abnormal and could not be explained.* 

Later on these unexplained tail emissions turned out to be due to CO,*. 

Numerous examples of critical discussions of identifications have been published 
recently [26] [39] [40] [42]. 

Seventy years ago two excellent observers, LOHSE and COPELAND, announced [68] 
that they had observed emission lines of iron and nickel in the bright Comet 1882 I] 
which came very close to the Sun (perihelion distance 0-008 A.U.). This announce- 
ment has usually encountered scepticism since the relative intensities of the Fe- 
and Ni-lines given by Louse and CopeLanp differ strongly from the laboratory 
values. However, this scepticism is actually not founded. The Fe- and Ni-atoms 
would be at a fairly low ‘temperature’, lower than 1000°K and would absorb only 
from fairly low electronic levels. Moreover, the exciting solar radiation contains many 

* It seems impossible in the case of an O,-molecule to find a mechanism which would provide the velocity required for an 
extended tail length. Radiation pressure on QO, is expected to be weak, since the bands starting from v” 0 are in the region of 


41800, where the solar radiation is already fairly weak. As for BIERMANN’S mechanism (acceleration by solar ionized particles) 
it applies only to ions. 
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Fe, Ni, and other absorption lines. It may very well be that lines which are weak in 
the laboratory are actually strengthened in the comet relative to stronger lines: 
ilso that the solar lines create unusual intensity ratios even within multiplets. From 

rough examination the announcement of COPELAND and LOHSE appears quite 
plausible [69]; a more thorough discussion may be interesting. 

In the course of the description of the comet spectrum certain as yet unassigned 
or doubtfully assigned emissions have been mentioned. These are: weak features 
shortward of the (0, 0) violet band of CN: the 24050 group; sharp lines in Comet 
Eneke [70]: emissions between and within the Swan sequences: weak lines in the 
visual region; a few features in the tail spectrum: possibly 27906 and 48106. For 
some of these features it would definitely be better to postpone new attempts at 
identification until better observational data are available about their wavelengths. 
iour with heliocentric distance and distribution in the head or tail | 7] |. How 
ever for the most striking unidentified emission, the 44050 group’, our observational 
lata are already fairly good: we have excellent wavelengths, and the band has been 


bserved in many comets at Many heliocentric distances 


5. THe ‘“‘A4050 Group” 


The strong cometary emission lines concentrated in the central region of the coma 


CO 
i \ 


ind covering the range 43950 to 24150 have been the subject of scores of publications. 


The observations and tentative assignments prior to 1940 were discussed by BOBRO\ 


I 


) 


NIKOFF [72] and by Swines, EL_vey, and Bascock [28]. The intensity of 4050 
relative to all other emissions—except possibly the NH, emission of the red region, 
the behaviour of which relative to 4050 has never been well investigated increases 
with heliocentric distance: at? 2-2 ALU. the 4050 emission remains strong while 
the CH and (©, lines have disappeared. On low dispersion spectrograms the 4050 
lines appear sharp, like atomic lines or individual rotational lines. However, recent 


observations by JOSE and SWINGS [3: 


with somewhat higher resolution show that 
the emissions are definitely wider than the individual rotational lines of the CH-band. 
The 4050 missions are not quite as concentrated near the nucleus as are the CH-lines; 
their intensity distribution within the head may differ appreciably from that of 
(CH. None of these lines has ever been found in interstellar absorption. 

Up to 1942 the 4050 group was attributed tentatively to all kinds of spectra of 
liatomic molecules: anew svstem of Cy, tail bands of CN, bands of CH, of NaH. etc. ... 
In 1942 the suggestion was made by HERZBERG [73] and the author |74] that the 
44050 emission may be due to a polyatomic molecule consisting of elements of high 
cosmic abundance (H, C, N, O). At that time the ( H, molecule appeared especially 
promising |75]: HERZBERG [73| showed that the 4050 group may be a band of a 
neal ly S\ mmetric top molecule. Some time later HERZBERG | 76] was able to produce 
a laboratory spectrum which appeared very similar to the cometary emission; the 
band was obtained in an interrupted discharge through streaming methane. The 
conditions of excitation in the laboratory supported the assumption that the group 
is due to CH,. However, the assignment to CH, by HERZBERG was only a tentative 
one, and the possibility of an other assignment was left open. 

Generally, however, this identification was accepted, and it was thought that the 
(CH, molecules in comets result from the photo-dissociation of methane. Moreover 
it was often stated that the CH radicals result probably from the photo-dissociation 


of CH,; this is, however, not fully supported by the cometary observations. 
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A considerable amount of experimental work has been devoted to the 14050 
laboratory spectrum in recent years [77]. The main results are that the molecule 
does not contain hydrogen and that it has at least two carbon atoms. As seems to be 
indicated by experiments made by Douauas in which an isotopic mixture of C!? 
and Cl} was used (roughly in equal amounts), a C,-molecule appears to be a good 
guess. 

Actually a comparison of astronomical and experimental data as they existed in 
1950 had already led to the same tentative suggestion. It was based essentially on 
the fact that, most probably, the absorption structure observed in the violet region 
of late N-stars [78] is due to the same molecule as that responsible for the 4050 
emission in comets. Assuming the identity of the molecule in comets and in N-stars, 
one may conclude that the molecule is a neutral polyatomic molecule, containing no 
oxygen. From the work of Monrits and ROSEN it was known that the molecule 
contains no hydrogen. Thus the molecule must be of the C,N, type. Astronomical 
and laboratory observations indicated that nitrogen is not involved. Moreover, 


zr 


from theoretical considerations a triatomic molecule appeared more likely than 
a bigger one to be abundant in a carbon-star. Hence C, was tentatively suggested 
in 1950 [79]. 

While all the recent laboratory investigations confer a high probability to the C, 
assignment further experimental work is required. Moreover, since the structure of 
the emission is simpler in comet spectra than in most laboratory sources, one may 
try to find a vibrational classification of the bands on the basis of the comet data. 
Indeed, it is possible [80] to group the main cometary emissions into three progressions 
corresponding to transitions to v’ = 0, 1, 2, 3, 4 from the three vibrational levels 
(0, 0, O), (1, 1, 0), and (2, 2, 0). 

The relation of this problem to recent spectroscopic investigations on phenomena 
in flames, pyrolysis, and photolysis [81] is extremely interesting. The 4050 group has 
now been observed in emission or in absorption in certain flames, in explosions 
caused by photoflash, and in various other sources. Such work provides important 
clues with regard to the identification of the **4050 molecule” 

It is interesting to note that in various laboratory sources giving rise to 4050, 
hydrogen is required, although the 4050 molecule does not contain hydrogen. In the 
hollow cathode 4050-molecules are formed by impact of H on the graphite walls. 

Could the 4050-molecules in comets not be formed by the impact of solar protons 
on the solid nuclei, or on the sublimated molecules containing carbon immediately 
surrounding the nuclei’ One may easily show that the abundance of 4050-molecules 
obtained in this fashion may possibly be compatible with the observations. Such a 
mechanism would explain why the 4050-molecules behave differently from all other 
molecules, in relation to heliocentric distance. 

Of course, in such a case we should expect the ‘4050 activity” to be related to 
solar activity and to the sudden brightening up of comets. One may even wonder 
whether the emission itself does not result from the collision process. It would be 


possible to check on the absence of fluorescence excitation by measurement of the 
polarization in the 4050 group, and by study of the profile (once the 4050 spectrum 
is classified). Should it turn out that the 4050 group is really emitted by collision, 
one would feel greatly tempted to consider a similar type of excitation to explain 
the red system of CN. The behaviour of the intensity ratio of 4050 and 7906 would 
indeed be profitably investigated. 


The spectra of the comets 


6. PHYSICAL CONSIDERATIONS 
The future identifications should be conducted with all the spectroscopic precautions 
which have been mentioned previously, also taking into account the behaviour with 
heliocentric distance and the distribution within the head or tail. 

It is possible to find numerous wavelength coincidences between cometary emis- 
sions and bands due to various molecules, including FeO, and also, although less 
strikingly, NiO, CrO, and CaO (B. Rosen and P. Swings, unpublished). For example, 
the FeO bands, 4448, 4544, 4604, 5790, 5807, 5903, 6097, 6110, 6219, efc., are 
close to cometary emissions. However, such coincidences appear to be purely 
accidental. 

There are good hopes that recent experimental work will lead to new identifications. 
The laboratory spectra of organic substances recently obtained by SCHULER [82] 
appear especially promising. The investigated molecules are all fairly simple com- 
pounds of H, C, N, and O, of the type which may be envisaged as parent molecules 
for the OH, NH, CH, CN, NH,, efc., radicals (see later). One of SCHULER’S spectra due 
to C,H, appears especially interesting. Actually all the spectroscopic investigations 
of discharges in gases which may be expected in comets are of great interest; typical 
of such useful work is that by G. HERzBerG, J. Kapitan, R. and L. HERMAN, and 
P. Protsy. 

Careful attention must also be given to the spectroscopic investigations of pheno 
mena in flames, explosions, pyrolysis, and photolysis, since most molecules which 
are thus encountered are rather simple compounds of H, C, N, and O; such investiga- 
tions have already been mentioned with respect to the 44050 group. They will, of 
course, be useful also for the other unassigned radiations. As an example, a spectrum 
obtained by GAYDON and WoOLFHARD /83] in some flames, such as those of acetalde 
hyde, ether, and acetone, should be mentioned: it has an open rotational structure, 
characteristic of a hydride; it is located in the region 45300 to 46400, where numerous 
weak unassigned emissions concentrated in the central part of the coma are located. 
Many recent investigations by GaypoN, WOLFHARD, PARKER, NORRISH, PORTER, 
EMELEUS, and others should be examined with the comet problem in mind. Obviously 
the excitation conditions in flames and in comets are extremely different, and the 
appearances of the bands should thus differ in these two sources. 

As has been demonstrated in the case of the 44050 group, a comparison between 
the spectra of comets and those of cool stars is sometimes useful. Further comparisons 
involving the visual region would probably be fruitful also. It seems likely that cool 
stars will be found in which the NH,-band is present. 

Actually a great deal of experimental spectroscopic data are still lacking, for 
diatomic as well as polyatomic molecules. It appears probable that the spectra 
of ions, such as CN~ or C,*, which are still unknown play a role in comets; the 
investigation of NH* should be continued| 84]. Nothing is known about doubly ionized 
molecules such as CH**, CO™~, CO,*>. As for polyatomic molecules, we still need 
the analysis of electronic spectra of simple molecules like NH,, Si0,, NO,, etc., 
and we know nothing (or almost nothing!) about CH, [75], C,H, CHa, efe. 

For the studies of profiles and of abundances, and for other photometric investiga- 
tions, we still need experimental and theoretical work on the transition probabilities 
of most molecular bands. A good start has been made for OH [65] [66] and for 
C, [85]: but little is known with respect to the other molecules. The f-value of the 
OH-band is much smaller than that of CN or CH; despite the faintness of the 
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OH-bands, the abundance of the OH-radicals must be comparable to that of CN, 
or even larger. 

The sequence Av | of the Swan system sometimes reveals the bands of the 
isotopic C!*C™ molecule (and possibly of C!C!) [86], in a way more or less similar 
to the carbon-stars. However, as far as we know, no comet presenting the high abun 
dance ratio Cl? ; Cl? (about 3: 1) found in many carbon stars has ever been observed. 
The most characteristic C!C! band is (1, 0) at 74745, which falls in a clear region of 
the comet spectrum. The (2, 1), (3, 2), and (2, 0) bands of C!2C'? seem also to have 
been occasionally present. An emission has sometimes been observed at the position 


of the (1, 0) band of C#C13, 24753. However, this assignment to CC! is plausible 


only when 74745 is present and much stronger, since there seems to be an additional 
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unidentified radiation near 74753. Assignments of cometary emissions to Cl¥C!s 
indeed remain doubtful. Although no photometric measurement of the relative 
intensities of the Cl?C!? and C!°C'1l5 emissions has ever been made, one is tempted to 
believe that the ratio Cl? : C!3, while larger than 3: 1, is sometimes smaller than the 
terrestrial value, about 100: 1. However, it must also be large at times. since 
excellent cometary spectra with over-exposed C!?C!? bands sometimes fail to show 
any trace of 74745. A careful quantitative investigation is desirable. 

The molecules which have been observed in the coma—OH. NH. CN. CH. NH, 

are not chemically stable molecules at room temperature. They are radicals, 
which are physically stable and which will only disappear by photo-dissociation or 
photo-ionization, not by recombination, since collisions are too infrequent. At least 
this is true at some distance from the solid nucleus; conditions may be different 
near the surface of the solids. These radicals result from the photo-dissociation of 
chemically stable molecules which are evaporated or desorbed from the solid surface : 
these molecules will henceforth be called parent molecules’. The NH, radicals 
result probably from the photo-dissociation by solar radiation of ammonia molecules 
liberated from the solids. (However, we do not wish to exclude the possibility that 
molecules other than ammonia, such as hydrazine N,H,, might play a role in the pro 
duction of NH, or NH.) Once evaporated, a NH,-molecule has only a limited lifetime 
after an average time /, it will be either dissociated or ionized by solar radiation. 

Example: NH, Ii - NH, H. 

NH, will also have an average life ¢,, and will next be photo-dissociated or photo 


ionized. Series of photochemical transformations take place, such as: 
NH, — NH, H; NH, > NH nm: NH —+> WN H or NH 


The analogy of such series to the radioactive disintegrations is obvious [45]. The 
mathematical treatment of the cometary problem proceeds along the classical set of 
differential equations studied for the radioactive series. If several photochemical 
effects can take place, such as photo-dissociation and photo-ionization, their relative 
efficiency should be examined carefully, account being taken of the amount of solar 


energy available in the different spectral regions. For example, the C, molecule may 


be dissociated at 2 ~ 2000 A, while ionization requires 2 ~ 1000 A. It would thus 


seem that C, will much more frequently disappear by dissociation than by ionization. 

It is clear that the cometary atmospheres must be treated quite differently from 
stellar atmospheres. Cometary atmospheres are temporary phenomena. Moreover, 
the densities are low and no collision takes place; hence the usual equations applied 
in the study of atomic ionization and molecular dissociation in stellar atmospheres 


cannot be empk ved in the case of comets without oreat care. Oncea molecule has 
become ionized, there is no chance for it to recapture an electron: similarly recom 
binations of atoms do not occur. In comets most molecules are on low rotational 
ind vibrational states of the ground electronic level; thus their dissociation and 
ionization are slowed down in comparison with the laboratory. In all the discussions 
on cometary molecules the physical data, such as heats of dissociation, ionization 
potentials, and energy curves, are essential; a good many such data are still lacking. 

While it would seem rather probable that the ammonia molecule is the parent 
molecule for the NH, and NH radicals, a great deal of doubt remains for Or. OH. 
CN, ete. One would think of water as parent of OH; but ordinary ice has an 
extremely low vapour pressure, yet the OH-bands are observed at large heliocentric 
distances \s for CH, the methane molecule ( H, has been envisaged, especially since 


thane is found as an occluded gas in meteorites and in terrestrial rocks. However, 


icetvlene C,H, may also be plausible. Other molecules which may be envisaged as 


possible parents are HCN and C,N,. Neutral CO,. CO. and N, must exist and give 


iil molecules by ionization 


vy in comet atmospheres is simple and pure photochemistry; no 
occurs, except possibly near the solid surface. There is no perturbation of 
the resonance fluorescence—by collision between the 
too easily studied in the laboratory, the comets 

{ 


ul ible data to the physico chemist 


nd (N which are present in comets have also 


On the other hand. the ©, molecules which are 


tric distances smaller than :° \.U. have not been 
| 


this absence ha heen explained satisfactorily 


onsiderations regarding cometary molecules may he 
lar molecules. However, the latter are not necessarily 
vy the same mechanism sublimation or desorption from solids as the 
molecules. While int tellar CH may be formed in certain regions of 
sublimation ra containing a parent molecul H |S], it appears 
stellar molecules must also be formed by the association of two colliding 
with simultaneous emission of radiation \nyvhow a comparison of the 
physical phenomena regarding cometary and interstellar molecules is instructive. 
No unidentified interstellar absorption band coincides with an unassigned cometary 
emission 
Eventually the photometric and spectroscopic observations will provide us with 
numerical data as to the abundances of the molecules. However. we are still far from 
his goal We still lack many values of transition probabilities: little spectro 
photometric work has been done: and our information as to the amount of ultra-violet 
solar radiation which is responsible for the dissociation and ionization of molecules is 
still very poo! A crude estimate of the mean abundance of ( 2 in a comet head at 
heliocentric distance | A.U. would be 10° molecules per cubic centimetre; while 
there is something like | molecule of CO pel cubic centimetre ina tail!/45!. However. 
would be highly hazardous to proceed from these estimates ol specifi ‘abundances 
to estimates of the total abundances, since many molecules emit their radiations in 
unobservable spectral regions Nevertheless. it is possible to obtain an idea of the 
maximum total abundances We have seen that the “vibrational” and “rotational” 


temperatures were all different, indeed that they had little physical meaning. This 


expresses the fact that the densities are so low that the collisions cannot ensure 
equilibrium conditions. The corresponding upper limit for the total density is of the 
order of 10! molecules per cubic centimetre [45]. The problem of the densities of 
matter in the cometary gases has also been studied recently by PoLoskovy [89]. 

The atmosphere—head and tail—of a comet is a temporary phenomenon; it must 
be continuously replenished by liberation of gases from the nucleus. Since the latter 
has a small mass (hence very little gravitational attraction) all molecules or solid 
particles that are liberated from the solid fly away freely into space. In no way can 
a coma be considered as a stable swarm. If the production of gas stopped, the head 
would disappear in a few hours and the tail in a few days. In the field of solar radia 
tion every molecule has a limited life determined by its possibilities of photo dissocia 
tion and photo ionization and by the amount of sola energy available in the spectral 
regions where dissociation or ionization occurs. The CN radicals have certainly a 
shorter life than the CO*-ions. Indeed, the molecules which are observed in the tail 
should be considered as highly photo resistant. The average lifetime of a molecule is 
proportional to the square of the heliocentric distance. Accordingly the gaseous 
coma should shrink (but brighten up) in the neighbourhood of the Sun. The latest 
measurements are those of the extension of the 4050 group in 1948] by JOSE and 
SWINGS [33]; between 0-9 and 2-2 A.U. this extension varied approximately from 
41100 km to 22,000 km, ¢.¢. in a ratio |: 5:3 which may be compared to the squares 
of the heliocentric distances 1 : 6. A “dust head” would, of course, not shrink in the 
same way as a ‘gaseous head’. At large distances where the heads are probably 
made up mostly of solid particles the diameters should not change much in normal 
conditions (7.¢. assuming no change in solar excitation and in the structure of the 
solids), although the brightness would. Of course, if a part of a distant coma is 
due to polyatomic molecules, it should show the same type of shrinkage proportional 
to r2.as a gaseous head neat perihelion. 

What is the physical meaning of the extension of molecules within the head 
or the tail? [45] | 70] [90]. Suppose that the molecules are produced in a point 
source. Let us assume that no electrodynamic effect takes place in the head. The 
average extension will be the product of the average velocity by the average lifetime. 
The velocity is the summation over five factors: the thermal velocity (v,), the 
velocity imparted in the process of photo-dissociation of the parent molecule (v 
the velocity acquired in an ionization process (v,, for ions only), that due to radiation 
pressure (U,), and that due possibly to some kind of eruption phenomenon Uh. vy 
corresponds to the temperature of the nucleus and is very small. v, results from the 
conversion of solai energy, in excess to that required for dissociation, into kinetic 
energy: laboratory experiments {91] have shown that v, is of the order of | or 
2 km per sec., 7.¢. of the order of the velocities in cometary atmospheres [92]. v, exists, 
of course, only for molecules resulting from the photo dissociation of parent molecules, 
not for ions such as CO*~, N, ’ CO, _if the latter result directly from the ionization of 
the chemically stable molecules CO, N,, and CO,. For CO*, N,*, CO,*, we should 


consider the v, component, which is certainly small since the electron collects most 


of the remaining energy. In the head the radiation pressure does not play the dominant 
role that it plays in the tail: for the main molecules of the head, CN and C,, the 
radiation pressure does not exceed appreciably the solar gravitational attraction. 
The radiation pressure acts efficiently on the molecules of the tail. Moreover, 
BIERMANN |93] has shown recently that the ionized molecules of the tails are strongly 


iffected by the impact of ionized solar corpuscular streams. the effect of which may 
exceed considerably the effect ol radiation pressure. That comets are influenced by 


sola phenomena ippear more and more probable, as was shown by various investi 


vators. especially by M. BEY ER | 94}. As OORT expressed it in his Halley Lecture for 
1951 [95]: “Comets may ultimately be used as test objects around the Sun, by 
means of which more complete information regarding solar eruptions may be 
recorded However, a discussion of this topic falls outside the scope of the present 
papel 


The parent molecules are liberated from the solid nucleus. eithe by desorption or 
by sublimation. WHIPPLE |] 96] has recently developed an —1C\ conglomerate model” 
for comet nuclei which appears to account satisfactorily for the anomalous accelera 
tion or deceleration in the mean motions of certain comets (due to a “‘rocket-effect’’) 
97]. This model helps greatly also in understanding several physical phenomena 


related to the formation and evolution of the cometary atmospheres. In WHIPPLE’S 


theory the ices of compounds of H, C, N, and O contain a mass of dust containing the 
elements usually present in the silicate and metal phases of meteorites. When the 
ices evaporate at small heliocentric distances, the dust would form an insulating 


layer over the more volatile compounds. Evidence is accumulating that nearly all 


if not all) the meteors derive from comets | 97a the spectra of meteors show the 


presence of Na. Fe, Ni, Cr. Ca. Mn. Mg. Si. and Al. WHtippLe’s comet model is rathet 


similar to that postulated by H. ¢ Urey for the formation of planetesimals Q7b 


Difticulties with WHIPPLE’s model arising from the fact that the vapour pressures 


j = 


T solid H oo. 2p i iS ( H _ ele dittey hy large factors may he overcome by 
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the presence ol solid hyd) ites | US since the tattel } ive rates of sublimation 


{ the same order of magnitude. 


Na-lines are observed at such heliocentric distances where the temperature of the 
solids is still so low—very much lower than the boiling-point of sodium (877 
that neither vapour pressure from the solid state nor probably desorption would be 
likely to produce the required amount of Na-vapour|99]. If, however, Na-atoms o1 
molecules containing Na are imbedded in ices the sublimation of the latter followed 
by the photo-dissociation of the molecules could release the sodium atoms. The 
resonance lines of K (47664-9 and 47699-0) should eventually also be observed at 
small distances from the Sun 

At large heliocentric distances the coma which has a continuous spectrum LOO 
is probably caused by the sublimation of very volatile gases, which are invisible 
themselves, but blow meteoric dust from the nucleus 

The theory of sublimation from ices has been criticized recently, especially by 

LIJVES | 101], who favours the old theory of desorption | 102| (gradual emission of 
occluded gases by the surface of the heated solid nucleus The problem of the 
heating of the solid nucleus, taking into account the heat conductivity, has been 
treated by MINNAERT 103) and by LEBON | 104 The chemical reactions which may 
take place between radicals or molecules at the cold surface of the nucleus |98| have 
never been studied. Indeed, many problems of cometary physics and chemistry 
which are closely related to cryoscopy remain untouched. These matters will not 
be discussed in the present paper which is limited to the spectra of comets. Neithet 
will the problems of the origin ind evolution of the comets. the relations of comets 


Oo meteorites Ol the structures ot the tails he envisaged LOD see also footnote on 


p. 949, 
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Despite the considerable progress made in recent years in the field of cometary 


spectra and related matters, much remains to be done. The efforts of the patient 
observers who endeavour to discover new comets | 106] should be encouraged, since 


we need many new photometric and spectroscopic observations. 
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the course of the visible portion of their trajectories, meteors exhibit a decelera 

Theory and experience show that the deceleration of a body moving through a 
gaseous medium depends on the density of the medium, on the speed of the body, 
ind on the mass. size, and form of the latter all quantities subject to change in the 
course of a meteor trajectory. Since at present we have only sketchy information 
iwwout the mass, size, and form of individual meteors, it would seem rather fat fetched 
to use the observed decelerations to obtain information about at mospheric densities. 
This is, however, precisely what we are doing, among other things, with the photo 
graphic material of the Harvard Meteor Expedition in New Mexico. 

The idea of using meteors as probes of the upper atmosphere is not new. Thirty 


years ago LINDEM ANN and DOBSON 1923a. 1923b) attempted the first comprehensive 


theory ot meteor phenomena and ventured to estimate the atmospheric densit\ 


necessary to produce the observed luminosities of meteors at their heights of appear 
ance. Although the calculated densities turned out to be too high, LINDEMANN and 
DOBSON were able to establish that atmospheric temperatures must sharply rise 
between 50 and 60 km—a well-known fact to-day. The two British investigators 
clearly recognized the fundamental meteoric processes namely surface heating by 
impact with air molecules, vaporization of the meteoroid, luminosity produced by 
encounter of the vaporized material with the air; they stressed the importance of the 
effective mean free path of air molecules. Other theories of meteoric phenomena 
have been presented by HOFFMEISTER (1937, 1939), SPARROW (1926), MARIS (1929), 
Oprk (1936, 1937), Hoppe (1937), Levin (1940, 1941), and others. Oprk in particular 
has investigated the mechanism of light production in meteors a delicate subject on 
which very little progress has been made to date. 

Let us limit our attention, for the moment, to meteor decelerations. In its passage 
through air of densit\ p at velocity |’, a meteoric body (; “meteoroid’’) of mass m 


ind effective cross-section Am*-” will, during a time interval (/f, encounter an air mass 
dm Lon-°o Vdt. ert 


Relative to the meteor, this air mass possesses a momentum Vid, and if this 
momentum were completely transferred to the meteoroid, the latter would experi 
ence, in time df, a change dV in velocity equal to Vd, m. Without being specific 
about the processes of collision, trapping, and ejection of all molecules in their 
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encounter with the meteoroid, we can suppose that only a fraction [ of the momentum 
Vdm, is transferred to the moving body, which shall then experience an acceleration 
dV V dm 


y’ : Am V2. 
dt m dt 


Kquation (2 


) Is usually referred to as the “drag equation. Its form is identical 
with the fundamental equation of ballistics, which is often written (ALLEN ef a/., 1952 
as 
a eee 
A D p| a 
77 Mi 
where A’, is the so-called “drag coefficient” and o is the “presentation area’ identical 


with our effective cross-section Am>”’. We thus see that the constant I’ of equation 


(2) is equal to the drag coefficient A, multiplied by —, while A is a function of the 


shape and the density of the meteoroid. For a sphere of radius 7 we have 


| ; 77 Tt Am- 
Lo 
from which A® Y7 (16p,,"), where p,, is the meteoroid density. 

For disks of base-radius ¢ and thickness Av, with flat surface perpendicular to the 
direction of motion, we have A? = a kp, °. 

Little is known about the behaviour of the drag coefficient A, at meteoric velocities 
and at the extremely low densities of the upper atmosphere. Research on ordinary 
projectiles both experimental and theoretical (TAYLOR and MAcoLL, 1933: Maco. 
1937) show that the drag coefficient after the rapid increase around the velocity of 
sound decreases again and tends to level off at the highest service velocities, which 
are of the order of 2 km per sec. Spherical projectiles have been fired by CHARTERS 
and ‘THOMAS (1945) up to 2 km per sec. Much higher velocities up to 6 km per sec 
have been recently obtained by RINEHART and associates (1950, 1951) at Inyokern, 
California, for small steel and aluminium pellets of irregular shape. When sphere 
and pellet results are combined, the same levelling tendency is found for the drag 
coefficient. It does not seem unreasonable to assume that within the range of meteor 
velocities (from 11—72 km per sec.) the drag coefficient can be considered as being 
nearly constant and essentially the same as that determined by RINEHART (LT 0-42), 
No great change is expected to occur in the drag coefficient as the air density varies, 
so long as the mean free path of the air molecules is small relative to the dimensions 
of the meteoroid. This condition seems to be satisfied for meteors in general, except, 
perhaps, for those appearing at heights near and above 100 km (where no significant 
decelerations have been observed so far). When mean free paths are large, the 
kinematic viscosity increases, as shown by ‘T’steN (1946) and HEINEMAN (1948) and 
the drag becomes somewhat larger. Consequently, the values of air density, calculated 
using a constant drag, may be somewhat overestimated at greater heights. 

We must expect, of course, to have a great variety of shapes and a considerable 
range in density among the observed meteors. [f we assume that A is the same for all 
of them, we can expect a greater scatter in the atmospheric densities computed from 
the observed decelerations, than we would have if the individual values of A were 


known for each meteor or for special groups of meteors. 


Hat 


uation of meteor masses is possibly the most difficult item in the meteor 
TT | power in the drag 


KeS It possible TO allow tor a considerable degree 


itely, the fact that the mass appears only to the 

of uncertainty in its 
on without vitally impairing the atmospheric-density results. If the 
the meteor were produced entirely by the primary collision of atmo 


4 


ecules with the vaporized material from the meteoroid, its total radiative 


ted in a time could be assumed to be proportional to the kinetic 
vaporized during the same time 


umount of material (of mass dm 


would then have 


ol proportion lity. 


v a fraction of this energy is perceived by the eye or by the 
ind this fraction presumably varies with the velocity height. 
teors in a manner which cannot be deduced from the scanty 
il available to date. The fact that most of the meteoric light is 
spectral lines adds to the difficulties of the problem. If we are to 
IntensIT\ 'f or the photographic InteNsSIT / of a meteor trom 
to deal with a variable coefficient 

pt to derive and analyse the behaviour of 7 


velocity |) was made by OptK (1936, 


teol] 


inconsistent with the photographic data analysed 


ore modern theory. can be put the basis of mass 
ues of for bright neteors against |, we 
ery nearly represented 


Ld km pe I 


troublesome than it 


mitudes is less 


photographic Visual mag 
iIstial ind photographic 


imount Of simultaneous 
tions collected at Harva MILLMAN and HOoFFLEIT, 1937: JAaccutia, 1948 

neteors hav the average. a colour “index” of I"'9. In spite of the 
between slow and fast meteors. no decided variation of the 


heen cle | 


tion 


lA Le Here we have lumped all our coefficients into a single 
When using equation (8) to determine atmospheric densities p, our only 
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assumption will be that A is a constant for all meteors, over all the range of meteor 


velocities and heights. If this is not so. we will be faced with systematic discrepancies 


which we shall have to explain. As for the actual value of A, we do not have to 
know it in advance: it can be determined by calibration against the better-known 
portion of the atmospheric density profile at lower altitudes. 

While equation (8) with all its avowed limitations is quite sufficient to provide 


atmospheric densities from the observed decelerations, velocities. and luminosities 


ive above ar 
Oradimates tor 


duced to a standard distance 


another relation (Hoppe, 1937) proves useful in the general investigation of meteor 
phenomena. The rate of mass lost by the meteoroid is undoubtedly a complex func 
tion of p. V, am, A, and the physical and chemical structure of the body. Oprk (1936 
has shown that a meteoroid of pure iron would probably lose a considerable fraction 
of its mass as liquid because of its high thermal conductivity. On the other hand, it is 
questionable whether a large fraction of photographic or visual meteors arise from 
iron meteoroids. More likely, the mass is a heterogeneous or conglomerate solid of 
low physical strength. Hence, its thermal conductivity is probably low. In this case 
the mass loss would be directly proportional to the heat transferred to the surface 
and inversely proportional to the heat of ablation, C. 

We may expect that the heat available for ablating the meteoroid will be roughly 


proportional to the kinetic energy of the air mass (/m, encountered by the meteor ina 


Harvard photographic meteor program 


e df f the efficieney of the heat transfer to the surface is called A, the loss of 


\lthough A, TP, and € cannot be individually determined from meteor observations, 


r combination ; as it appears in equation 10) can be so evaluated. The 

hand side of equation (10) is, according to (6) and (7), equal to 7, L, a quantity 

ay directly computed from the observations. just as well as |’ and dJ dt 

vhich appear on the right-hand side. Undoubtedly, the heat of ablation, ¢, Is a 

ymbination of the heats of vaporization and fusion combined with fragmentation. 

Several lines of evidence indicate that many meteoroids ire extremely fragile, so that 

Iragmentation Is an important process. 

nverting the problem of atmospheric-density determinations 1s possible if the 
lensity profile of the atmosphere is assumed to be known. An individual value of A VC 

be determined for a given meteor from equation (8) and this equation, in a 


system with equations (10). will vield a theoretical light curve which can be compared 

th the observational curve For the New Mexico Meteors we used the density 
protile derived by the Rock} PANEL (1952) from probings by sounding rockets 
hed from the neighbouring White Sands Proving Ground. The excellent 
oreement between computed ind observed light curves for meteors not exhibiting 


bursts ve us some reassurance regarding the inne consistency ol the basic 


KQUIPMENT 


Before we mention some of the results obtained in the course of the Harvard 


Meteor Programme. we must say a few words about the programme itself and the 


equipment used in it Svstematic meteot photog! iphs from two stations. using 
‘ameras provided with rotating shutters. were started at Harvard in 1936. The 
imeras two Ross \ press lenses of ipertures Dan focal ratio 7 4. occulted 


20, times per second by single-bladed shutters powered with synchronous motors 
from commercial power lines—-were located at the Cambridge and Oak Ridge Stations 
respectively, providing a 37-9 km baseline. The programme, thanks to the support 
of the U.S. Naval Bureau of Ordnance. U.S. Office of Naval Research, U.S. Air 
Force, and U.S. Army Ordnance, was greatly expanded beginning in 1946, In 1948, 
the two original meteor cameras were transferred to the twin New Mexico Stations of 
Dona Ana and Soledad Canyon, separated by 28-6 km. Several 3-in. cameras, of 
7-in. focal length, were added to the equipment and plans were made for the instal 
ment of four large cameras especially designed by Dr. James G, Baker for the 
photography of meteors. These cameras, two of which have been functioning 


in New Mexico for over a year now, are of the so-called “Super-Schmidt™ type, 


constructed by the Perkin-Elmer Corporation (see Fig. 2). The very difficult 
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part hemispheric shells were moulded by the Optical Division of the U.S. Bureau 
of Standards. 
The Super Schmidt cameras have an aperture ot 124 in. and a focal length of 8 in. 


55°. This 


3) incorporates the symmetrical principle of a 


their effective focal ratio is 0-85 and the field has an angular diameter of 
revolutionary optical system (Fig. 


ae 


, 
» first Super-Schmidat mete 


» Perkin-Elmer ( orporatl mn 


spherical mirror with two part-hemisphere correcting shells. These shells, concentric 
with the centre of curvature of the 


mirror, are responsible for almost complete 


correction of spherical aberration, The corrections for remaining aberrations and 
for partial achromatism over the range from 38800-7000 A are accomplished by an 
aspherical correcting plate through the centre of curvature. The spherical foeal 
surface lies just within the second shell and is concentric with the remainder of the 


S\ stem. The entering licht ray passes through the outer shell, the correcting plate, 


and the inner shell, before it is reflected by the mirror. It again passes through the 
inner shell on its way to the focal sphere, where it is recorded on a spherical film, 


Harvat 


kept in place by a vacuum holder. The shutter, which has two 45° openings and thus 


occults the stars three-quarters of the time, rotates at 1800 r.p.m. and is placed 


immediately in front of the photographic emulsion. It reduces the field to 52 
The problem of moulding films of 72-in. chordal diameter to a curvature radius of 


I 


\ in. appeared at first to be formidable. The solution, however. has been worked out 


successfully by CARROLL. McCrosky, WELLS. and WHIppLeE (1951, 1952), after 


experimentation by the Eastman Kodak Co. Flat film, already coated with 


ted slightly above the boiling point ot water by a 


iphic emulsion, is hea 


iaphragm which, by compressed air in a hydraulic press, forces the film 


{ 
‘ 


cool mould The curved portion of the film is then cut to the required 


dimensio in a second hydraulic press. The operation of film 
] ») 


semi-automatic, with a 2-min cycie per film. 


Super-Schmidt films are 


precision measurements possible, the spheric 


f an especially-designed optical svstem, on ordinary glass plates 


neans Of 


3. THE OBSERVATIONAL MATERIAI 


we exposure of ‘r-Schmidt films with the rotating shutter is 


nin, and double-station meteors are photographed at averages rates of 3-5 pe 


hour, depending upon the season of the vear. The smaller cameras recorded one 
double-station meteor every 100 hr in Massachusetts and (with more sensitive 
emulsions and better sky conditions) one every 20 hr in New Mexico. No accurate 


photometric measurements have been made so far of meteors recorded on Super 


Schmidt films. We can, however, deduce from the relative frequencies given above 
that the new cameras record most average meteors visually somewhat brighter than 
the third magnitude. The limit is between the first and second magnitude for very 
fast meteors and about to the fourth magnitude for very slow meteors. The Super 


Schmidts in New Mexico doubly-photographed more than 100 meteors in 1952. 


The reduction of meteor photographs is a time consuming and tedious procedure 
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when great accuracy is required. The position of the meteor in space is determined 
within a few feet and the velocity to better than | per cent, on the average. The 
precision with which the deceleration can be determined varies enormously, of course, 
from case to case. Fast meteors may have measurable trajectories extending over 
a0 km or more, without showing any detectable deceleration. while meteors at low 
heights and large angles of incidence may show decelerations exceeding their inne 
probable errol by a factor of 10 in a stretch of 4 km or less. 

So far approximately 200 double-station meteors have been fully reduced, forty-six 
from Massachusetts and the rest from New Mexico All were photographed with 
small cameras: the reduction of the Super-Schmidt material has barely begun at the 
date of this writing. 

The extreme heights at which significant decelerations were obtained in sufticient 
number for a statistical analysis were 50 and 95 km, although isolated determinations 
range from 41-S—99-8 km. The lowest height recorded for a meteor from our material 
was 36:6 km at the end of the trajectory the greatest height of apperance of any 
meteor was 117-1 km. The lowest initial velocity of any meteor was 12-2 km per se 
(at the end of its trajectory this particulas meteor had decelerated to 8 km per sec 
The highest velocity was recorded in a Leonid, 72:3 km per sec. No meteor was 
found to have a definitely hyperbolic orbit \ few eccentricities larger than unity 
(One as high as 1-07) occur in out orbits hut WnoneYg showe1 meteors such as Leonids 
and Lyrids as well as sporadic meteors In ill cases of ¢ E: howevel an explana 
tion can be found in a large probable error of the velocity determination or in 


equipment trouble. 


$. PRELIMINARY 


Atmospheric densities from New Mexico meteors agree remarkably well with the 
densit\ profile derived from V-2 rocket flights when the constant A in equation S 
is put equal to 2-5 106 (¢.o.s. units). The Massachusetts meteors, reduced with the 
same constant, give a very similar curve, with only a slight tendency to greater 
densities fo1 heights above SO km. \n analysis of the New Mexico data (JACCHIA 


1948, 1952) shows that. in the height range from 65—85 km, the computed at mospheric 
densities are not entirely independent of meteor velocities. This effect is not dis 
cernible in the Massachusetts material, where, however, the far-from-random distri 


bution of velocities and heights makes such an analysis very hazardous. Any 


attempt to correct the computed densities for an empirical velocity effect destroys the 


beautiful agreement with the V-2 rocket data. Moreover, whenever several values of 
the atmospheric densit\ can be derived for different heights from the same meteor, 
these values give density gradients in good agreement with those derived from the 
rocket profile. It would look as though the fault may lie with the meteors them 
selves, rather than with the theory. A widely variable density of the material from 
meteor to meteor appears as a probable explanation of the velocity effect. The 
problem of meteoroid densities is being pursued vigorously 

That some meteors are different from others is clearly put in evidence by the 
behaviour of the December Geminids. These meteors have long trajectories, smooth 
light curves, mostly without any trace of flares, and, when massive enough, penetrate 
very deeply into the atmosphere, undergoing decelerations which occasionally decrease 
their velocities from an initial 37 to a terminal 27 km per sec. All this points 
toward relatively compact, dense meteoroids. Now, according to equation (4), a 


H 


denser meteoroid is found to yield an under-estimated atmospheric density, and this 

s precisely what Geminids do. With respect to the mean of all other meteors, 

Gemini ls vield atmospheric densities which are about PO pel cent lower. Taurids., 

trajectories of normal length and frequent bright flares, behave like the average 

teor with regard to decelerations. The Giacobinids of 1946, indeed, which showed 

i\ short trajectories and bright Hares, seemed according to a study per 

tside the scope of the Harvard programme (J ACCHIA al. 1950,.)—to 
bnormally high atmospheric densities. 

know that the Giacobinids constitute a young shower, still highly con 

centrated and not too widely separated from the parent comet. Taurids are much 

re evenly distributed along the general orbit of ENCKE’s comet, while Geminids 

less uniformly distributed along a highly eccentric, but small orbit, with 

ice of a parent comet. The suspicion that the age of a shower might have some 

do with the density ot the component meteoroids seems to be quite in order. 

rs and radiation effects m L\ progressively winnow out fragile. eracked, o1 

neteoroids. When we say “‘age’’ we do not necessarily mean the number of 


psed since the formation of the shower. but rather the cumulative leneth of 
luring which the shower has been exposed to the agents that presumably cause 
neteoroids to | f denser composition \ccording to WHIPPLE'S 
structure (WHIPPLE, 1950b), the OorT (1950) “age” of the parent 

We should expec h fast | aging among 

periods and small perihelion distance, such as the 


mong long-pr riod meteo with urge perihelion 


mospherti densit meteol decelera 
] 1 . 1** 
hn proposer | 1On OL Spol ait teors nto asteroidal 


iccording to then orbital type WHIPPLI \ccording to the 


model cometary meteors should he less dens asteroidal ones 


l 
ind probably much more fragile. Since asteroidal meteors have relatively 
we would « xpect to obtain abnorn LY LOW itmospheric 

is also observer ut al present we are 

1949) is due t atTel densit\ of the 


meteorold or t lower value 


» In equation (6 
is would be expected for slow 1 rsa neo to Opn h Blower yaluoc 
Ta would | id in under-estimate he ma I 1@ Th ‘Ol l and through it, of 
atmospheric density. Unfortunately, tal criteria fall listinguish between 
two types of meteoritic material LUICe EIS that the problem must be 


ked st 
ickKe( ST; 


One of the objects of the Harva Meteor Procramme f cou hat of detecting 


OGIC OF a y lent il fluctuations which might oOccul mee densit\ profile of the 


uppel it} osphere The \lassachusetts observations lead ; marked seasonal effect 


which, if interpreted as a real fluctuation of the density th a one-year period, 


would make the itmosphere around i. height ot 15 km twice is dense in September 
is in Marcl JA 1 , 1948, 1952 Thee ‘CT is less than half as large in New \lexico 
hase would SCCM I{ fall in October There ive so many factors 


in analysis of this tvpe that such results must be taken with a 
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great deal of caution: more definite results can be expected only when the data 
have been substantially increased. 

The Super-Schmidt cameras are providing invaluable data on a phenomenon of 
considerable importance, the wake or short-lived (0°01 ) persistence ol luminosity 
following the meteor. Fig. 4 illustrates clearly how conspicuous the wake appears on 
many photographs. Is the wake representative ot a lag in excitation processes, 
a sloughing of dust or droplets, an early stage of the train persistence, or some other 


phenomenon? RicHarp EK. McCrosky, who first established the meteor stations in 


Fig. 4. A bright meteor photographed 


metrical wake phenome 


dark cir 


New Mexico, is now analysing the Super-Nchmidt photographs in a thorough study 
of the wake phenomenon. 

Spectroscopic studies of meteors are being conducted in close collaboration with 
P.M. MititMan of Ottawa, Canada, who is taking major responsibility for the research 
in the area. Hence, we shall not report here on the valuable advances being made in 
this part of the programme. ALLAN F. Cook of the Harvard programme is working 
with MILLMAN, particularly on the theoretical aspects of the spectroscopic meteor 
problems. The collaboration will be completed by JACCHI \S reduction and analysis 
of the Canadian double-station meteor photographs now being made by another pair 
of Super-Nchmidt cameras located near latitude 53° N. The 21> range in latitude 
should provide a useful baseline for geographic effects in the structure of the upper 
atmosphere. 

The multiple photography of persistent meteor trains is being attempted with a 
second pair of Super-Schmidt cameras at the New Mexico Stations. The two train 


cameras, purchased by the U.S. Air Force, have been put into joint operation during 


raphy of trains the cameras are normally kept 
the rotating shutters are removed to provide the 
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fol persistent targ Photoelectric devices (and 
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the Evolution of the Meteor Streams 
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Vieteor astronomy in Czechoslovakla owes very nN uch of its present development Lo 
the inspiration of the late Professor JINDRICH SVOBODA In view of the high regard 


in which Professor STRATTON was held by SvoBopa it may perhaps be particularly 
i_ppropriate for the present volume to include a contribution from the Institute 


which the latter directed before thre Second World \\ i’. OF which he Was to he such { 


THE PROBLI 


Meteor showers present a wide variety mM appearance and behavioul 

a) The great displays of the Draconids, Leonids, and \ndromedids are limited to 
several hours of duration (OLIVIER. 1925: Watson. 1947). while it takes the Earth 
h the Perseid stream (GUIGAY, 1948 and the 


WHIPPLE and WriGut (1950) to be 


more than three weeks to pass throug 
, 


] + 4 ry 1 ] ] | , + ] x 
duration of the Taurids has been established by 


h) The maximum hourly rate of the October Draconids rises to many thousands 
of meteors per hour, while it is only about fifty for the Perseids and drops to only a 


few meteors per hour for many weak showers. The observed rate is greatly influenced 


I 


ny seometrical circumstances hut Lu VIN 19D3a. L953b) found a space density range 


about six orders. 
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(c) The Draconids reappear periodically, while they show no activity between their 
rich returns; the Lyrids appear yearly, but their hourly rate is fairly variable (GuTH, 
1947); the activity of the Perseids and Orionids changes very little from year to year. 

(d) The Perseids and Geminids, although very scattered, present yearly a short 
and sharp maximum; the maximum of the Orionids is flat, while the Taurids show 
hardly a definite maximum at all. 

(¢) The distribution of the meteors of different mass varies for different showers 
(Levin, 1953a). There are many faint meteors in the Draconid shower (WATSON 
1934), while the author finds very few of them in the Perseid shower (PLAVEc, 1954¢). 

(f) The radiant of the Draconids is almost exactly a point (AREND and FLAM 
MARION, 1936; Jaccuta, Kopat, and MILLMAN, 1950), and similarly that of the 
Leonids (WricHtT, 1951). The radiants of other showers are often diffuse; fon 
example, the Orionids present a large, diffuse radiant area. 

These differences have now to be explained by a theory. They could, of course, be 
explained by a different origin of the showers. But more probably many of them can 


be explained in terms of the evolution of the swarms, as will be shown presently. 


Two streams of very different behaviour may differ only in so far as they are at different 


stages of evolution. 


) 


2. ORIGIN OF THE SHOWERS 


This question is not yet fully settled. No doubt many of the showers are of cometary 
origin; according to KRAMER (1951) weak cometary showers are quite numerous. 
There was a suggestion of a relation between showers and minor planets (HOF! 
MEISTER, 1948). Indeed, some meteor streams have orbits similar to those of the 
minor planets like Adonis and [earus (ALMOND, 1951), and a genetic relationship to 
minor planets cannot be excluded; but this is far from being proved (PLAVEC, 1954a 
and a universal cometary origin of the meteor showers is not excluded. 

PORTER (1952) prefers a common origin of a comet and the associated stream to the 
shower’s formation from the comet. He insists, particularly, that the May Aquarids 
and Orionids could not have originated from Halley’s comet in its present orbit, for 
they are observed quite far from the orbit (about 0-15 astron. units). However, the 
Perseids and Taurids are found at nearly the same distance from the orbits of thei 
parental comets, and the large dispersion of these showers can easily be explained in 
terms of planetary perturbations, as proved for the Perseids by AHNERT-ROHLFS 
(1951) and Hamip (1951). Moreover. the idea of a “‘common origin” seems to be 
untenable particularly in the case of the short-period comets like Biela, Tuttle 1939 X 
and Giacobini-Zinner; the associated showers cannot have originated before the 
comet's capture, otherwise they could hardly be as compact and follow the orbit of 
the parental comet as precisely as they do. 

We have reasons to consider ejection by internal forces to be the main cause of the 
formation of meteor showers. This is the idea proposed by BREDICHIN (1889) and 
recently developed by WHIPPLE (1950, 1951). 


3. THe Frrst STAGE OF THE DEVELOPMENT OF THE SWARMS 
The main difference between BREDICHIN’S view and the proposed one* is that we 


suppose the ejection velocities to be quite small, ¢.e. of the order of about 10-% to 
10 'km per sec.-!. Equations have been derived (PLAVEC, 1954b, 1954c) which 


* The det e proposed theory will appear elsewl 
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es of the elements ot the merlteors due Lo the ejection. On the 


n of an ejection velocity of LO-' km per sec. at the perihelion of the comet 


jini-Zinner. the deviations of the meteor elements from the elements of the 


net are at the most 
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we see that the meteors deviate but very little from the orbit of the parental 


na that thell dispersion is small the duration of the shower amounts to only 


ivs and the radiant is strongly concentrated. 
inge of the period is most perceptible The change ot the sem major AXIS 


Vy the equatlol 


sthe comet s orbital velocity and ¢ IS the component ray the ejection velocits 


ection of the comet s motion The velocities are ¢ x pressed in units of the 


] } 


hen the change of the period is given by 


ise of the Draconids considered above, the change of the period amounts to 
s for ¢ 10-2 km persec. Thus the meteors ejected directly in the direction 
net’s orbital motion pass, after one period of revolution, through the node 
ter than the comet An age of seven periods, or about 45 vears, would 
explain the fact that. in 1933, the Draconids were observed to be about 
behind the comet. From the deviation of the observed radiant from the 
position it may again be concluded that the ejection velocity of the 
s can be roughly estimated at about 3. 10-2 km per sec. Thus the showei 
to be very young: indeed, it is probably still in the process of formation 
he ejection velocity of the Leonid cloud of 1866 appears to be even smaller, 
cm per sec.. and the corresponding age would be several hundreds of vear's 
early stage of development. the meteor swarm forms a “meteoric cloud’ of 
ensions, and therefore there appear rich displays due to considerable density 
oud with no activity between the periods 


metvreors 
swarm th 
Wi | f 


SECOND STAGI 


consequence of the differences between the periods of the comet and the 


the latter are being very rapidly dispersed along the whole orbit. The 


en forms a thin ‘meteoric filament”. Assuming again an isotropic ejection 
1OCITY of 10-2 km per sec this stage will be arrived at after a relatively 
t time. ¢.g. (in years) the Geminids, 160; > Draconids, 700; Leonids and 
1200: Perseids. 1800: Lyrids. 2500. Of course. if the meteors had not 


ted into all directions and their velocities differed but very little. the cloud 


last much longel we see. however, the general tendency of the swarm to 


C 


disperse 
The 


the radiant is nearly a point (Leonids \s the meteors become uniformly distributed 


1LONnY the orbit 


oss-section of a meteoric filament still remains very small at this stage and 


But sometimes the meteoric ring Is heay ily perturbed by a majo} planet passing very 


ilong the orbit. the hourly rates should. on the whole, be the same from year to year. 
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near. In the case of the Lyrids it was found (PLAavec, 1954¢) that Saturn may 
change their periods from 415 vears to 520, and back again to 350 vears. Moreover 
the heavily disturbed particles then pass through the node at a distance of about 
0-1 astronomical unit inside the Karth’s orbit 

We see readily that the planet can cause deep minima of activity. and. in anothet 
case, there may arise high maxima for ie same reason. We realize that some 
unexpected frequency extremities, as in the Lyrids, Quadrantids, efe., can probably 
be explained in terms of local planet ry pe rturbations of a homogeneous thin meteor 
filament 


5. Tue Tutrp Straat 


As time Foes ON the meteoric i GLOW roadel ind the idiant becomes more 


diffuse. On account of the originally sm differences of the elements of individua 
meteors the secular perturbations are not quit the same Tol ich meteor. Thus then 
orbits become still more dispersed. Wricutr (1951) and Wricur and Wuippt 
(1953) have found photographically i correlation between the width (7. 

of a showe1 and the dispersion of its 1 idiant. On the other hand. the 

so wide that local planet r'\ perturba ions do not attect theu ( 

perceptibly is With a thin filament 

We now see that the main fea } f an old ‘am appe 
duration ot many days Ol weeks arg I's Che radi init und - 
1h) the hourly rates from veal to veal dy Pi rseids and Orionids 
example. 

The showers can probably attain the scribed third stage after a time which ts 
astronomically short. AHNERT-ROHLEs (1951) an AMID (1951) have found the same 
orde oft age fol the Perseids namely between 10! ind LO \ Ls. No doubt he reIng 
of a swarm depends greatly on its period and on the position of its orbit. In an ol 
stream, the Poynting Robertson effect can play an Important role sweeping out 
small meteors (Wyatr and WutppeLe, 1950: PLavec, 1950). The estimates of age 


based on this effect (PLAvEC. 1950: Wyatrr and Wutppeie, 1950: LInpBLAD, 1952 


) 


KRESAK and VozArova, 1953) furnish, howevei ilues which are larger by | or 2 


orders than those of the “perturbation” method. The source of the discrepancy is 


obscure. Maybe the Poynting Robertson effect is more complicated than was sup 
posed by PLavec (1950) and by Wvyarr and WuippeLe (1950), as pointed out by 
RADZIJEVSKIS (1952). On the other hand, the “‘perturbation’” method depends 
largely on the assumption of the initial orbital dispersion. We may conclude, how 
ever, that the development of the showers is relatively rapid 

The author believes that the theory of evolution outlined here can expl in many 


if not all, of the prominent features of the meteor showers 
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ONE favourite slides for a popular lecture on astronomy is a drawing. It 


shows a tropical beach with a palm tree; far out at sea is a schooner with full sails, 


ind over the horizon, far above the ship, stands the majestic cone of the zodiacal 
light. It seems almost within reach of the hands. The zodiacal light is romantic. 
because it is vague and near: it is an attractive field of study, since it has not been 
drawn completely out of the hands of the amateurs. In addition to this poetic attrac 
tion, the confidence in technical advances has oiven many an amateur and professional 
istronomer the feeling that pretty soon the ships will sail bevond the earthly horizon 
into those interplanetary seas. This vista makes it somewhat hard to find the self 
restraint for a critical analysis of our present knowledge. In fact, the zodiacal light 
is a difficult subject to tie down by precise observations and theories. The following 
remarks are an attempt to sketch some of the present needs. They summarize the 
main conclusions of a critical study of the literature, that will form a chapter of 
Vol. IV of The Solar System, edited by G. P. Kurper (University of Chicago Press), 


1955: full references may be found there. 


The photometry of the brightest parts of the zodiacal light, known as the morning 
and evening cone and extending from 30° to 70° from the Sun, presents no major 


problems. The dozen sets of observations made during the past 30 years are in fair 
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agreement, but not sufficiently exact, however, to make a reliable estimate of year-to 
year and seasonal variations. In this respect HURAHATA’S photoelectric measure 
ments made in the same month during successive years and suggesting a correla 
tion with the position of Comet Encke in its orbit set an example for further 
work. 

The short-period fluctuations reported from time to time are in all probability 
due to changes in the superposed airglow or to faint aurorae. 

As soon as we wish to go down to fainter parts of the zodiacal light, at large ecliptic 
latitudes or at longitudes far away from the Sun, the big problem is to eliminate the 
other sources of sky light correctly. A major advance was made when the night sky 
emission (now usually called airglow) was recognized as a separate and important 
component. The standard method now is to separate the zodiacal light from the 
airglow by means of the nightly variation; and from the galactic light, including 
star light and diffuse light, by means of the seasonal change. But the set of equations 
is not sufficient for a complete solution. This can be most easily seen from the fact 
that a constant brightness over the entire sky, e.g. equal to the faintest light ever 
observed, might be ascribed to any of these three components. In this way an amount 
of the order of fifty tenth-magnitude stars per square degree has been pushed back 
and forth between the various components. The crucial question may also be formu 
lated as follows; how strong is the zodiacal light near the pole of the ecliptic’ It is 
clear that the interplanetary dust cloud will seem thicker or flatter, accordingly, as 
this estimate is made bigger or smaller. Many of the differences among published 
solutions go back to this uncertainty. It is also clear that photometric measurements 
alone cannot solve the question, but that (simple) theoretical arguments about the 
expected distribution of zodiacal and or galactic light have to be invoked. My 
present guess is that the zodiacal light near the pole of the ecliptic may be at most 
twenty tenth-magnitude stars per square degree, but a frontal attack on this whole 


problem is most needed. 


Another uncertainty, that has become clear recently, refers to the interpretation 
of the photometric data. The increase of brightness of the zodiacal light towards the 
Sun was formerly held to arise from an increase of the number of particles with de 


creasing distance from the Sun. On extending the observational data all the way into 


the region of the corona this explanation is found to be absurd. Another effect, the 


strongly forward directed phase function of small particles due to Fraunhofer 
diffraction, is the only likely explanation here. It thus remains to be found which is 
the stronger effect for intermediate angles, say for elongations 10°—40°. Probably 
photometric arguments (including colour and polarization) are insufficient and a 
theoretical discussion of particle sizes and densities may be needed to solve this 


question. 


A definite advance of the past decade is the recognition of a component in the 
zodiacal light due to scattering by free electrons in interplanetary space. Several 
sets of polarimetric observations are in good agreement. When care is taken to 
eliminate the airglow and to refer the polarization to the zodiacal light only, its 
degree of polarization is about 19 per cent at 60° from the Sun. This is about twice 
as high as any expected polarization of the dust component. Thus one half or more of 


the zodiacal light at this elongation may be attributed to electron scattering. It is 
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One challenge of this kind is posed by the various conflicting theories of the 


“Ygege nschein’’. The GJege nschein. a local brightening ot the zodiacal light heal the 


anti-solar point, is the most strongly disputed subject in the entire field. Three 


explanations have been suggested 


(1) The brightening is due to an increase of scattering efficiency of one particl 


neal perfect backseatter. 

(2) The brightening is due to an agglomeration of particles near the libration 
point in the Sun-Earth system. This libration point is at a distance of 0-01 astro 
nomical units, four times farther than the Moon 

(3) The gegenschein is a quite different phenomenon, namely the emission by 
vas tall oiven off by the Earth. that may be compared with the tails of comets 


The curious situation now is that the third explanation, in spite of the fact that it 
observational support is tairly weak, seems the most promising, as there are powertul 
arguments against the earlier theories. In the first theory the interplanetary particles 


are required to exhibit to a much stronge! degree an eftect at tol example 


known from the corrugated surface of the Moon. This seems unlikely for small pieces 


of rock. Very small particles may exhibit similar effect 


s for quite different reasons 


Perhaps this possibility ought to be explored but it would still leave the wester! 


deviation of one or two degrees unexplained The theoretical basis of explanation (2 


is doubtful, and is made even more doubtful if we consider that the particle density 


should be increased by a factor of about LOO over the average particle density seen 


| astronomical unit in that direction. 
The big question is therefore: is it possible to obtain definite proof or disproot 


the gas-tail hypothesis from observations Evidently, the spectrum should | 


He 


not easy. as the Jee nschein does not exceed the usual 


studied carefully: this is 
airglow in brightness. FESSENKOFF has linked this hypothesis with the assumption of 
a terrestrial component in the entire zodiacal lioht This issumption had ¢ 


‘Ve weakel 


support, and has been disproved for the main cones by the best spectral obset Vations 


and by filter photometry. But the gegense hein problem is still open and requires 


another factor 10 in observational precision for its solution So. again. we have come 


to the point where present observations fail. but new stimulus can be obtained fron 


closer theoretical examination of various working models 
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Willkiirlich mit der Hand durch die 

Luft fah » bestimmt er das Geschick von Millioner 
differenziertester Luftmolekiile, die er vor seiner Hand 
hertreibt is kann sehr wohl sein, dass nicht nur 
insere Erde, sondern gleich unser ganzes Sternensystem 
die Rolle eines Molekiils in einer unendlich viel gr6sseren 
Welt spielt, in der ein itibermachtiges Wesen uns nacl 
Laune umtreibt, oder dass vielleicht unser ganzes 
Sternsystem ein goldener Regentropfen ist, der in einer 
solchen grosseren Welt herabregnet und einem tappi 
vuf die Hand fallt, der ihn fortwischt und 

iur alle unsere [Existenzen, sondern auch 


esetze zunichte macht 


ARZN( in a lecture at’ Frankfurt 
ebruary 25th. LOOS, lUher das Sustem de 


Leipzig, Teubner, p. 42, 1916. 


Recent Advances in Positional Astronomy 


KOPFI 


) 


IN my GEORGE DARWIN Lecture to the Royal Astronomical Society, in 1936 (“Star 
catalogues especially those of fundamental laractel | concluded with these 
words We must continue to study the motions in the Universe, both near and 
distant. more exactly and more in detail l we are glad that we can go back to 
our star catalogues—often a little despised is the foundation of our science” 

In contrast to the attitude of resignation which at that time was perhaps justified 
the present period has directed ItS attention again much more to the objects Oo! 
positional astronomy the determination of stellan positions on the sphere ind of the 
ipparent proper motions of the stars. 

The subsequent discussion will be essentia restricted 1 the contribut 
German astronomers to this development Phere 
century in which they played such an important role i ie hat NEWCOMI 
could speak of a “German School of Practical Astronomy’. Its founder was Bessel 
who on his part built on the great achie nen of the Royal Observatory uf 
Greenwich. The last great representative of this School was ARTHUR AUWERS 
IS3S—1915 To him we owe the first modern “Fundamentalkatalog I( t he 
essential basis of which was a new reduction of the obervations of BRADLEY. His 


work inspired the international enterprise Kataloge der Astronomischen 


(iesellschaft \GK). catalogues which are ba 1 the FC. in which the zone 
Berlin A (declination 15° to 20°) wa | ‘d and reduced by AUWERS in 
fashion that can be considered as exemplary, even to-day. Finally, his initiative 
gave rise to the Geschichte des Fixsternhimmels (;FH this title was inspired by 
the star list in FLAMSTEED’s [Historia Coelestis Britannica of 1725 and by the /Histotr 
Céléste of LALANDE, which was completed i century tate These remarks show the 
range of work which is to-day an integral part of the German contribution to 
positional astronomy this work always GOeS back to AUWERS. 


\ summarizing discussion of the papers published in the years 1939-46 has been 


given by A. KOHLSCHUTTER (1948) in the Fiat Reports. Referring to this we shall 


here concentrate only on recent furthe developments 


1. THe FUNDAMENTAL CATALOGUE 
The “Neuer Fundamentalkatalog des Berliner Astronomischen Jahrbuchs’ (NEIK 
originated from the FC which AUWwers produced in various steps: it was carried 
out in collaboration with PETERS (1907) Koprr (1937, 1938) and his collaborators, 
in particular HkeINEMANN and Kanurstrepr, then extended it to the “Dritter 
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des Berliner Astronomischen Jahrbuchs’’ (FIK3). Weadd some 

the Fiat Re port. Since this Improvement of the NEK 
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‘xtensive still unpublished series of observations are mentioned 
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in the Fiat Review (KOHLSCHUTTER, 1948). The meridian instruments of Munich 
are the only ones which have at present included the stars of the FK3 into their 
programme. The transit circles of Hamburg-Bergedorf and Heidelberg have been 
mobilized for the observation of faint stars (see the concluding paragraph of this 
section), while the transit instruments of Bonn and Babelsberg (meridian circles of 
Pistor and Martins) are not in use at present 

The number of stars which require rather large individual corrections is not very 
great, as can be seen from a comparison with H. R. MorGAn’s catalogue N30 (1948 
1949, 1951, 1952). and refer in particul uv to the additional stars. In this connection 
reference should be made to the new reduction of the double star 61 Cygni by 
NOWACKI (1952). 

The system of the FIK3 as a whole requires 1 ision. While work on this system 
Was 1n progress it could already be seen that the southern hemisphere and also both 
polar caps required further corrections. At this time modern observations extended 
only to about 1920 and were rather scarce for the southern sky. In the meantime 
new and very important catalogues appeared, in particular from the Royal Observa 
tory al the ( ape, So that now a revision also of the southern sky system appears 
possible and is to be undertaken by the \stronomisches Rechen-Institut in 
Heidelberg 

For the right ascensions the observations using quartz clocks are of great impot 
tance: here we refer to the papel by v. D. HEID!1 1952 

The revision of the already existing FK3 must be accompanied by an 
and this in two directions. First. astronomy and cveodesy badly need an 


the number of bright stars in the cat ilogues, 7. those down to about 7! 


especially important to close still further the gaps in the stellar distribution of the 


+ 


FK3. A supplement to the FK3 (FK3 Suppl.) is at present in preparation at 


) 


the Astronomisches Rechen-Institut. Heidelbe ro KOPFI 1952 The recent volume 
of the Astronomisch-Geoddtisches Jahrbuch (1954) contains only positions and propel! 
motions of these supplementary Stars, tT iken from the and N30 catalogues and 
referred to the system of the FIK3, in order 1 ovide the necessary data for most 
practical requirements as soon as possible. The derivation of final exact positions 
and proper motions will follow. 

The second necessary extension Consists 1n the formation of a fundamental 
catalogue of faint stars in the system of the FK3. This problem has recently been 
discussed at the meeting of the INTERNATIONAL ASTRONOMICAL UNION in Rome 
during the symposium concerning astrometric problems of faint stars (1952, 1954); 
see also Nemriro (1950). A fundamental cat cue of faint stars has already been 
produced by Russian observatories. It contains 931 stars, 645 of which are in the 
region between the North Pole and declination 30°. For many purposes, which 
have been listed by Koprr in a lecture at this symposium, this number is too small. 
An important further contribution has been made on the German side, and has been 
reported by J. LARINK at this symposium. Both in Bergedort and in Heidelberg a 
catalogue of about 3300 faint northern stars (down to magnitude 10™) has been 
observed. The reductions are almost complete. This number appears to be sufficient 
for most purposes, if one takes into account that we are alming ata ‘Fundamental 
Katalog” to which further stars can be referred. For the repetition of the Zonenun 
ternehmen der Astronomischen Gesellschaft (see below. Section 3) the number of 


faint standard stars on the northern sky was 13,747. 


es In positional astronomy 


be expected that the further negotiations within the International Astro- 
nomical Union will lead to the formation of a general catalogue of faint fundamental 


stars whicn will combine the Russian and the German fundamental catalogues. 


3. THE CATALOGUES OF THE ASTRONOMISCHE GESELLSCHAFT 
n the middle of the nineteenth century ARGELANDER listed the stars of the northern 
sky down to the ninth magnitude in charts and catalogues giving approximate 
positions (.Vérdliche Bonner Durchmusterung). SCHONFELD extended this work to 
the South (Siidliche Bonne Durchmusterung). Both charts and catalogues of the 
Durchmusterungen have now been published in a revised edition by the Bonn Univer 
sity Observatory: the catalogues are now printed in a miniature version (bonne) 
Durchmusterung, 1949): reference should also be made to BEYER and GRAF! (1950). 
The Bonner Durchmuste) Ung has become the starting point of the catalogues of the 
\stronomische Gesellschaft, an international undertaking which was initiated by 
\UWERS and contains the positions of stars down to the ninth magnitude from both 
Durchmusterungen in narrow belts of declination (AGK or AGK1). The observations 
for the northern sky were completed by the end of the nineteenth century. The 
original plan already envisaged a repetition of the observations after about half a 
century in order to derive proper motions 
After the end of the World War 1914-18 KtstTNeER and ScHORR took up this idea 


ot repeating the observation ot the cal ilogues ot the Astronomische Gesellschaft 


AGK2), this time photographically. The plates were obtained around 1930 at the 
observatories, Bonn, Hamburg-Bergedorf, and Pulkovo. Simultaneously with these 
photographic observations number of transit circles provided a network of 


reference stars based on the improved NFK. The reduction of these transit circle 
observations was carried out to a large extent at the Astronomisches Rechen 


Institut in Berlin-Dahlem under the supervision of J. PETERS, to whose great 


\ due 


expertness the rapid progress of this work is main 

It was also essentially PETERS, with the collaboration of Nowack1, who compiled 
the observations of all reference stars (Anhaltsterne) to a general catalogue. abbrevi 
ited to AGK2A (ASTRONOMISCHE GESELLSCHAFT, 1943). The accuracy of these star 
positions has been found to be remarkably high (Koprr, 1942). The synthesis of the 
FK3 with the catalogue ot reference stars and the contemporary photographic plates 
has furnished a completely homogeneous picture of the northern sky. 

The progress of this work was reported first by BAUSCHINGER (1926) and afterwards 
regularly by KoOpFF (1933) in the J rteljah sschrift of the {stronomische Gesellschaft. 
Here we should also mention the preparatory work of PETERS in the derivation of 
spherical co-ordinates from photographic plates: details may be found on p.o of the 
Katalog der Anhaltsterne. A method using Hollerith punched-card machines has 
been developed and applied to some 12,000 stars of the Bonn plates. Summarizing 
reports, apart from those in the Fiat Report. have also been given by SCHORR and 
A. KOHLSCHUTTER (1948) and by HECKMANN (1949). The publication of the catalogue 
itself has suffered various delays. Hitherto the volumes 1-9 of the Hamburg part 
of the work have appeared (ASTRONOMISCHE GESELLSCHAFT, 1953), as well as the 
northern polar zone of the Observatory Pulkovo (BELJAWskIJ, 1948). Further 
volumes of the AGK2 may be expected to appear soon. Mention should also be made 
of the “Reststerne” observed by COURVOISIER (1941, 1949), 7.¢. stars that could not be 


measured onthe photographic plates; they have been included in the general catalogue. 
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At about the same time as the observations of the AGK2 were made, the Yale 


Observatory carried out a photographic repetition of the original zone catalogues; 


but these catalogues do not have the same strict homogeneity. However, they do 


contain proper motions derived from a direct comparison of their positions with 
those of the AGK 1. 

An essential task still before us is the derivation of new proper motions which are 
systematically better than those given in the Yale catalogues. To do so we shall 
require a careful investigation of the systematic errors in the AGK1 catalogues. The 
possibilities have been discussed on an earlier occasion by GONDOLATSCH (1948). 
Recently HecKMANN and his collaborators (HECKMANN, Digckvoss, Kox, 1948; 
Dreckvoss, 1949) have developed and partly carried out a method which makes use 
of the photographic Carte du Ciel as an intermediate step. Further possibilities have 
been discussed by Brouwer (1954) at the 1952 Rome Symposium on astrometric 
problems of faint stars. 

In performing this task one will always be concerned with the derivation of the 
systematic errors of the AGKI, using the AGK2 in some sort of connection with 
other catalogues. 

A valuable link will here be formed by KistNer’s catalogue of 10,663 stars, 
among which are numerous faint ones (KUSTNER, 1908). A catalogue observed by 
Koprr before the First World War with the Heidelberg transit instrument, which 
had already been partly reduced, was lost at the end of the Second World War. 
Mention should also be made of a short investigation by Koprr (1914) of the magni 
tude equation of declination observations taken with the transit circle. 

Plans are now discussed for obtaining proper motions by a second photographic 
repetition of the AG-Catalogue (AGKX3) in the near future. 


t+. THE “GESCHICHTE DES FIXSTERNHIMMELS 


AUWERS was also the originator of the Geschichte des Fixsternhimmels (GFH), which 
was undertaken by the Preussische Akademie der Wissenschaften at Berlin and 
carried out by H. Parrscu and afterwards by J. Haas. The GFH aims at the inclu 
sion of all meridian observations obtained between 1750 and 1900 and reduced to a 
common equinox. The observations of the northern hemisphere were published 
some time ago: but the stock was lost during the war. 

The southern sky has been continued by J. Haas (1954), now at Bonn. Just 
recently the last section of volume 10 (Right Ascension 9") has been published 
(Geschichte des Fixsternhimmels, 1954). The reduction of the part of the GFH which 
had remained in Berlin has been taken in hand by J. Dick in Potsdam-Babelsberg: 
beginning with volume 24 (right ascension 23"), the first part of this volume has 
appeared (Geschichte des Fixsternhimmels, 1952). 

The Hamburg Observatory published in 1928 the /ndex der Sternérter 1900-1925 
(Scuorr and Kruse, 1928). This work forms a continuation of the Geschichte des 
Fixsternhimmels for the years 1900-25 in a simplified form. It is now intended to 
extend this /ndex for the period 1925-50. 

Opinions differ as to the value of the old meridian circle observations which have 
now again become generally accessible in the GFH. From the experience in the 
production of the FK3 one can certainly say that, for the production of a fundamental 
catalogue, observations from before 1845 are unusable for an improvement of the 
system, On the other hand, for the determination of the proper motions within a given 


it is particularly the old observations which are of the greatest 


5. OTHER INVESTIGATIONS 
scope of this article if we would try to attempt to discuss in 
papers in the field of positional! astronomy which deal with 
ese include mainly investigations of proper motions in limited 


tly still unpublished, like those of HECKMANN and his eolla 


ters H\ ides, clusters near x Perse by \. Konia of Heidelberg 


y Persel or those carried out at the Bonn Observatory (for 
d previously 1) IK USTNER ; In this field helongs also a photo 
tiken up by Dreckvoss. which aims at an investigation of the 


wide belt of the Milky Way. reaching down to stars of about 14™, 


ynnection an investigation by Dick (1949) of the standard 


yper motions in the Perseus region for the epoch 1950. 

size that positional astronomy ipart trrom its practical impor 
( nd geographical survey, proy ides the essential foundation 
Ivnamics ot the stellar svstem In addition to the literature 


iote in this connection also the 
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On the Increase of the Accuracy of Fundamental Declinations 


KF. SCHMEIDLER 


+ ri \l 
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|. INTRODUCTORY REMARKS 


THE problem of determining star places in the sky has in principle a different aspect 
for the co-ordinates of right ascension and declination. The equatol Is a natural 
zero-point for declination which can be realized by measuring latitude, whereas the 
zero-point for right ascensions is a matter of arbitrary definition. It is thus possible 
to obtain absolute declinations by direct measurements, if these are properly arranged 
the measurement of right ascensions, however, gives primarily the mere difference 


of the right ascensions of two or more particular stars. To determine absolute right 


of fundamental declinations 


iscensions requires ibsolute declinations of the Sun, from which : the Sun's 


l 


ibsolute right ascension, follows through the equation 


tan 0 tan ¢ sin x 


Chus in principle, all measurements of absolute co-ordinates are based on the deter 
mination of absolute declinations, which, from this point of view, is the most funda 
nental problem of positional astronomy. In practice, only the absolute declinations 
number of fundamental stars are measured with the highest possible 
for the rest of the fixed stars the declinations are better determined by 
measurement, using the fundamental stars as a reference: this work is 
ther by relative meridian observations or by photography. 

ese reasons, a reliable system of absolute declinations has been essential 

ition of all fundamental catalogues. When in about I8S80 the first funda 

talogue of the Berliner Jahrbuch was sponsored by the Astronomische 

it was decided to base the declinations entirely on the system of the 

circle at Pulkovo, as this instrument had the highest internal and 

external accuracy at that time. All other series of observations used for the funda 
mental catalogue were reduced to the Pulkovo system. Later improvements to the 


fundamental system Incorpo! ited other observations independently and therefore 


the present im of the Dritter Fundamentalkatalog (FK3) is a mixture of several 


Nevertheless, its proper motions depend much on the Pulkovo 

ire therefore still extremely important for our fundamental 

though in our time the FK3 and the General Cat: gue (GC) are two systems of 
ations of very high quality, it is not sufficient to confine future 

meridian work 1 » measurement of declinations of other stars relative to the 
fundamental declinations supposed to be exactly known. Individual fundamental 
tions as well as their system have still uncertainties which far exceed the 
‘curacy. There is, for instance, a systematic difference between 

the GC of about 072 at the equator, and even as much as 0°4 at high 

southern declinations (Koprr, 1939): the existence of individual errors of the FK3 
declinations Is revealed by several modern observations (U.S. NAVAL Opss., 1948), 
Although the not extremely rare deviations of more than 0.5 may sometimes be 
due to instrumental errors (accidental division errors!), they occur too frequently 
to be explainable by this hypothesis alone. Consideration may thus usefully be given 
TOW LVS 1 W hich the system ol fundamental declinations Can best be improved, The 
following discussion should be regarded as a collection of possible proposals rather 


than as a definite programme 


2. ACCIDENTAL ERRORS 

Improvement oO the present fundamental declinations can be obtained either by 
Increasing the internal accuracy of the observations or by removing the sources of 
systematic erro! hoth Ways are reasonable and necessary The internal accuracy 
depends on 

1) the accuracy ot t » bisection with the 

2) the accuracy of the circle reading 
3) the accuracy of fixing the zenith 


the irregular variation of refraction. 


The first of these errors can easily be diminished by increasing the number of 
pointings of the wire on the star for each transit, if there is a declination micromete1 
with a wire movable in vertical direction. For meridian circles, that possibly makes 
a simultaneous determination of R.A. and Dee. impracticable but the results 
obtained with vertical circles, by which no measurement of R.A. is made, are very 
encouraging. For the author’s observations with the Munich vertical circle the mean 
error of the average of the 4 to 6 micrometer pointings usually made is entirely 
negligible in comparison with the other sources of error. 

It is much more difficult to reduce the uncertainty of the circle reading, and the 
author even believes that this error makes the oreatest contribution to the probable 
error of a single observation. Any increase in the number of microscopes to be read 
makes the observations more laborious, and photographic circle reading usually 
increases the speed, but not the accuracy of the result. According to the experience 
of the US. NAVAL OBSERVATORY (1950) a photo electric device for measuring the 
film promises well. 

The direction to the zenith is fixed eithe by determination of the nadir or, for vet 
tical circles, by the use of levels which are attached to the vertical axis in order to indi 
cate its deviation from the ideal direction. Both methods involve considerable unce 
tainty. A determination of the nadir takes much time and is therefore not easily 
done more than three times a night as the definition of the reflected image is very 
poor, the results are sometimes inconsistent. For vertical circles the accuracy of 
keeping the zenith-direction fixed depends on the reliability of the levels. An 
improvement In accuracy is more a technical than an astronomical question 
Smoothing out these errors by increasing either the number of levels (usually two are 
used) or the frequency of readings is hardly to be recommended, because it would 
lengthen the time necessary for a single observation. 

The fourth of the above errors, irregular variation of refraction, is in principle 
unavoidable. If this error should ever prove be large, which in the author's 
opinion is not the case. observations in oreat ind per 


distances should be omitted. Anothet suggestion would he to make observations 


haps even in moderate, zenith 


effective atmosphere is 


t 


on high mountains where only a part of the optically 


concerned. 


3. SYSTEMATIC ERRORS 


The preceding discussions concern exclusively the internal accuracy of each 
observation, but it is equally important to reduce the systematic errors. A compari 
son of the results from different observatories shows that systematic deviations still 


exist, and the fact that there are considerable systematic differences between the 


FK3 and the GC in some parts of the sky underlines the urgency of this problem. 


accuracy of a catalogue is not entirely independent of its internal 


The systematic 
accuracy; a higher internal accuracy facilitates the determination of systematic 
deviations from other catalogues and thus increases the chance of recognizing the 
physical reason of the discordances. 

The question of how the systematic errors can be directly attacked must now be 
considered. Certainly, the experience gained in the construction of previous funda 
mental catalogues is of the greatest value. In a paper dealing with the declination 
system of the FS, HEINEMANN (1930) pointed out that there was good agreement 


of the declinations of stars near the poles bet ween practically all individual catalogues, 


so that the systematic errors of each instrument in high declinations seem to be very 
small This is easily explained by the fact that small polar distances are always 
measured by combination of upper and lower culminations: both measurements are 
affected by systematic errors of nearly the same amount, as the zenith distances do 
iffer greatly, and thus their difference, which is twice the polar distance of the 
is tree from systematic errors depending on declination (Ad,). Therefore for 

ry catalogue its systematic error Ad, can be supposed to vanish at the pole. 


The size of the errors Ad, near the equator can be found by using observations of 


the Sun and planets. HEINEMANN (1930) was able to use several catalogues with 
extremely large deviations, because observations of the Sun and planets made it 
possible to determine the equator correction reliably. In spite of the great importance 
f such observations, the objects usually used—Sun, Mercury, and Venus—are not 
very Sull ible {Ol this purpose, because their telescopic Images are mostly very poor 
ind bee i1use they are only observable In daylight, when atmospheric conditions and 
the observer's personal equation may be different from night. All these errors are 
by using the minor planets Ceres, Pallas, Juno, and Vesta for which the 
ind the American Almanacs, since 1952. provide ephemerides accurate to 
1, “fhe analysis of an artificial example by G. M. CLEMENCE (1948) has 
1 comparatively short series of observations of these planets furnishes 

the equator correction ola particulat instrument with sufficient accuracy. 


In principle, this method of fixing the ideal, mathematical equator by observations 
mplies a definition by gravitation theory. Such a definition seems to be fully con 
nt with the general conception ol absolute co-ordinates: it is also the law of 
gravitation by which the zero-point of the individually measured zenith distances is 
fixed, because the zenith-point is found by using either nadir observations or levels 


l 


So it seems that the gravitation theory is the best means to define absolute co ordi 


nates: the fact that such co-ordinates are strongly connected with the dynamical 
properties of the solar system makes them completely consistent, whereas stellar 
co-ordinates defined by the stars themselves could be affected by any unknown 
‘ffects in stellar movements. 

Unfortunately there is no special point in the sky between equator and_ pole 
where \0, can be determined independently: perhaps minor planets with specially 
high orbital inclinations would be useful for this purpose, but so far no accurate 
theory exists for any such planet. The creators of the FIK3 settled this problem by 
issuming a linear run of Ad, between the equator correction as found from the 
observations of the Sun and planets and the value zero at the pole This procedure, 
ilthough quite hy pothetical, seems to be the only pract icable one. When considering 
the southern sky, things are much less satisfactory: the mere fact of a systematic 
difference between the FK3 and the GC of 0-4 at 60° declination (KOPFF, 1939 
shows that our knowledge of the declinations of the southern stars is far from being 
complete. The small number of observations made in the southern he misphere Is, 
of course, the main reason of this unsatisfactory situation. 

So Tar only deviations depending on declination have been considered : but almost 
ill observations are also affected by systematic errors \d, which depend on the right 
ascension or, practically .on the time of the year when a star is observed. It is almost 
impossible to determine these errors absolutely, because their influence on the 
declinations of the planets is almost identical with the effect of small changes in 
certain orbital elements. In practice, errors AO. are always determined by assuming 


LOLS 


the average of all existing observations to represent the right system, but there is 
no criterion of the correctness of this hy pothesis. 

Although observations of planets are useful to determine the equator correction of 
a catalogue, the problem of eliminating the systematic declination errors is not 
entirely solved in this way: neither Ad, in intermediate declinations nor Ad, can so 
be found. In spite of this ingenious method it is essential to reduce the sources of 
systematic errors as far as possible. Two main sources of such errors are known 


Hexure, which usually varies with sin z, and refraction, which is proportional to tan - 


1, FLEXURI 


Flexure has been found by RaBe (1933) ; ‘cause of the extreme values of 
Xo, of most vertical circles and also some meridian circles, forme rly SO mysterious 
Ina paper by SCHMEIDLER (1953), the existence of these errors. their enormous 
amounts and final explanation as a consequence ol flexure has been described 
These results make it necessary to study the amount of flexure very carefully 
during any observations of absolute declinations The method of interchanging 
objective and eye end of the telescope, which has been often used for this purpose 
is completely useless and should be dropped. For some instruments flexure has been 
determined very exactly by collimators, but even this method is not always reliable 
the considerable errors in Ad » Babelsbere vertical circle. for instance. follow 
very closely sin z and are therefore probably a result of flexure exceeding sensibly 
the value determined by collimators. Also a rece! tly published catalogue DOMINION 
Ops... 1952) deviates from the FK3 by large amounts proportional to sin z, whereas 
Hexure as determined by collimators was very small. 

The determination of flexure by observing stars by reflection in mercury has given 
very satisfactory results in the case of the Munich vertical circle (SCHMEIDLER, 1953 


Sometimes this method is insufficient as is shown by the famous R-D discordances 


Ina paper by (r, BE () and Li. DECLERCK 1948S these have been investigated with 


the result that flexure for the Uccle meridian circle does not follow the usual sin z-law. 
but there are further terms proportional to cos z, cos 2z, and sin 4z. Obviously this is a 
purely formal representation of flexure and it will be difficult to find any physical 
explanation for these additional terms If such terms exist. a determination of 
flexure by simple observations in the reflected light is insufficient and a closer exami 
nation is necessary. In practice, the method of determining flexure will have to be 
choosen indi idually for each instrument, and in complicated cases a combination of 
collimator and reflected light observations may be advisable. In any case, flexure 
must be found without using stellar declinations. since otherwise the observations 
would no longer be absolute. 

Flexure produces not only errors in \d,, but possibly also in Ad,, because its 
amount may be a function of temperature: for the Munich vertical circle, this is 
definitely the case (SCHMEIDLER, 1948). Therefore, even observations corrected for 
Hexure may show considerable errors in Ad, if the temperature variation of flexure 
has been ignored. The flexure of the Munich vertical circle in the years 1941-1946 is 
represented by the formula 


(O.60 0.0417") sin 


as a function of temperature 7’ (Centigrade) and the zenith distance z (SCHMEIDLER, 


1948). Thus for stars near the equator (2 18°). the amount of flexure in summer is 


r about 073: if this variation is ignored. an error in Ad, with an 


0°35 would be the consequence. 


5. REFRACTION 
1} e second source of systematic errors, W hich has to be considered here. is refraction. 
Any deviation from the truth of the tables used for the computation of refraction is 
oduced in systematic errors of the measured declinations: this effect can vary 
the declination as well as with the right ascension. A wrong value for the 
‘fraction causes errors proportional to tan z, but deviations of this sort 
ften occur in published catalogues: the comprehensive discussion of all 
us which have been observed in upper and in lower culmination, which is usually 
ide, furnishes corrections to the adopted latitude and the refraction constant inde 
pendent 1\ By apply Ing these Col rections To the observed dec linations. the catalogue 
s based on a value of the refraction constant which effectively best represents the local 
The corrections found in this way are, however, not necessarily corrections 
tion: they may be due to any effect which runs closely enough propor 
Wrong assumptions of the dependence of refraction on temperature cause seasonal 
f the observed declinations: the same effect is produced by seasonal 
the inclination of the itmospheric surtaces of ¢ qu il density. For these 
ircful examination of refraction is necessary. To get the highest accuracy 


+ 


to measure the air temperature by Spl ition thermometers, and also 


able 
he computed refraction a correction for humidity. When new domes for 


uments are built, care should be taken to locate them sufficiently 


smote from other buildings or sources of radiation: the unfavourable situation of the 


nich vertical circle (within about 30 meters of a large house) causes, according to 


Mii 


the author’s results (SCHMEIDLER, 1948), the refraction to be altered by an average 


but in individual cases the errors are creat as | \ similar pheno 
action. i.e. the local refraction in the observing room, which 
voided by constructing the slit sufficiently broad 

Any errors due to refraction that have remained can partially be examined by 
intercomparison of two catalogues observed from a northern and a southern hemi 
sphere station. The effect of refraction has the opposite sign in the two hemispheres 

stars not too fal Trom the equ itor and, therefore, the differences in the declinations 
of the common stars are a measure of the differences of their systematic errors. Any 
difference found in this way is, of course, not necessarily a consequence of wrong 

action: it may be due to any error increasing with the zenith distance. 

This possibility leads to a proposal originally made by DNEPROVSKY (1930) In 
which he primarily intended to clear the then mysterious extreme A\d,-errors 
which. in the meantime. have been found to be an effect of flexure. DNEPROVSKY'S 

is. however, still of value. According to him the observation of funda 

tions from a southern station should be made with the same instru 

id by the same observer as the northern observations. Thus all errors due to 
observe and the Instrument would be equal, and any difference between the 
itions of the equatorial stars, as observed from each hemisphere, would indicate 

rors come from other sources. Furthermore. such observations weuld 
homogeneous combined system, the whole sky being covered by 


observations made with the same instrument by the same observer. 
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To carry out such a programme, a meridian instrument, preferably a vertical circle 
owing to its high internal accuracy, would have to be transferred to the southern 
hemisphere after fundamental declinations in the northern sky have been observed 
with it; then the same observer would have to measure southern declinations, 
extending his programme as far northwards as possible in order to overlap the 
northern observations in a sufficiently broad zone. The observations of fundamental 


declinations just being completed with the Munich vertical circle cover all the main 


FK3 stars (no Zusatzsterne) down to 30° declination: an observation of the 
FK3 stars between 90° and 30° by this instrument from a southern station 
would furnish a combined catalogue in which all stars between 30° and a0, 4.4 
half of the sky, are observed twice. As to the choice of southern station, DNEPROVSKY 
points out that a high southern latitude is necessary to allow latitude and refraction 
to be determined accurately by a sufficiently large number of stars observable in 
both culminations: his suggestion was ¢ 5°. For practical reasons it is 
advisable to choose an existing observatory, as the mechanical problems connected 
with the transfer of an instrument require a well-equipped workshop. Actually 
there is no observatory in $5 latitude and thus a good compromise seemed to be to 
choose the Commonwealth Observatory on Mount Stromlo, near Canberra 
(d 35°), especially in view of the excellent climate there. The author has, 
therefore, worked on Mount Stromlo, with the kind support of the Director of the 
Commonwealth Observatory, and has there completed in 1955 his series of observa 
tions of southern fundamental declinations. 

(. H. Hins and G. vAN HERK (1938) have used an entirely new method of measuring 
absolute declinations. From a station on the equator (actually in Kenya) the azimuths 
of stars near the horizon were measured, thus deriving their declinations. The 
internal accuracy of the results was not very encouraging, the mean error of a single 
observation being + 0°92: that is probably a consequence of the poor seeing con 
ditions near the horizon. It should, however, be noted that the method is free of 
refraction and its accuracy may be increased by the use of a bigger telescope. 

Summarizing the author's view, the following methods of increasing the accuracy 
of fundamental declinations are recommendable 


(1) To increase the internal accuracy of a single observation by 


(a) the use of a declination micromete1 


(6) more accurate procedures of circle reading. 


(2) To eliminate systematic errors by 


(a) careful study of flexure and its temperature variation : 
(b) observations of Ceres, Pallas, Juno, and Vesta whenever possible : 
(c) observations from both hemispheres with the same instrument by the same 


obser\ er. 


Certainly most observations made up to the present time are affected by accidental 
and systematic errors as discussed above, and therefore also the present funda 
mental catalogues which represent the sum of all former observations; there is no 
guarantee that all the errors of the many different observers and instruments have 
been smoothed out in the compilation. Furthermore, any error in the proper motions 
affects the declination by amounts increasing linearly with time. The accidental 


4 
? 


nd systematic errors which still exist in the fundamental catalogues have to be 


let mined D\ hew obser\ TIONS Ot the highest possible iCcuracy. 
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The Distances of the Stars: a Historical Review 


J AC KSON 


the pubis it1O ota (,eneral ( talogue ot 


lrigonometric Stellar Parallaxes”’, by Yale University Obs itory is most welcome. 
The new catalogue (the third from Yale) has been compiled by Miss JENKINS from 
lata a\ ible up to May, 1950. It contains the parallaxes of 5822 stars, nearly all 
letermined at fourteen observatories during the past forty years. The observations 

e been reduced to a uniform system with adjusted probable errors. Although 


niy Out ne-third of the stars have been observed at mor than one observatory. 
ST OFT the Stars OT large pal WlaxXeS have heen SQ obse ved The Lwerage probable 
error Is 0-009 but there is a variation trom 0-004 to O°O1l4 or even more In 


1. Earty HIsTory 


The nist ny Ol early attempts to determine stellar parallaxes Is well known. The 


the first determination which carried conviction is given to BESSEL for his 


With his name we associate that ot H ENDERSON. 
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whose observations of x Centauri at the Cape in 1832-33, not specially made for the 
determination of parallax, were later reduced to prove that star to be relatively near. 
But the man who, more than any other, paved the way was W. Struve. For more 
than two decades he had this problem in view. From extensive series of observations 
he proved that the average parallax of twenty-five bright stars in the northern 
hemisphere did not exceed 01. For detailed attack he selected « Lyrae and from his 
observations of the years 1837-40 he deduced the acceptable parallax of 0262 
But. in 1837. before a single parallax had heen conclusively establishe | he laid down 
the only three rules we vet have (apart from indirect methods concerning spectra fol 


selecting the nearer stars, viz.: 


(1) Stars of the first and second magnitude. 
(2) Stars of large proper motion. 


(3) Double stars showing rapid orbital motion. 


He even indicated the nearest stars with remarkable accuracy. For Arcturus he com 


| 
puted the parallax 7 . 0°0625, where A d\ /.d being the diameter and / the 


surface brightness of the star, expressed in terms of the same quantities for the Sun 
Wenow give the parallax as 0 O90 005. Forthe double star 61 ¢ yeni BESSEL Ss 
star—he estimated the semi-major ; : 16° and the period 500 years and deduced 
7 M 07254, where .W is the mass the system. The modern value of the 


parallax is O° 292 "O04 


2. PROGRESS IN THE NINETEENTH 
Following the success of BESSEL some of the ablest observers carried out observa 
tions for parallax during the nineteenth century but although the results were 
valuable in a general Way they did not go far in helping us to a better knowledge of 
the extent or construction of the stellar system. That had to wait to the present 
century with extensive data regarding the proper motions, radial velocities and 
spectra of the stars. 

It is interesting to note the actual rate of progress. NEWCOMB in his Popula 
Astronomy (Ist Edition, 1878) gives the parallaxes known to him—sixty-two dete 
minations (not all independent) for seventeen stars. The data for two stars, « Lyrae 


and 61 Cygeni. from Newcoms’s Table and from the new catalogue are given below 


Airy, 1836 

Airy, 1836 

STRUVE, IS37—40 262 4 4 7 O-OS0 

Perers, 1842 

QO. STRUVE, 1851 3 

JOHNSON, 1854-55 § ) rRUVI 52--b3 Df O-O28 

BRUNNOW, IS68—69 md \ f O-OLG 

BRUNNOW, IS70 ae LLEGH VY PSD O-O07 

\LLEGHENY : 2 ) CCORMICK 307 0-009 

McCorMICK 3 K 271 O-OL1 

YERKES 3 t ISOor a22 0-0 
( Zis O-O0O9 
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The distances of the stars: historical review 


The absolute parallaxes for these two stars now accepted are 07123 07005 


0°004. The two values given by Atry for «x Lyrae are, of course, 
1an BrsseL’s results for 61 Cygni. The parallax of 61 Cygni given by 
\UWERS resulted from rediscussions of the observations of JOHNSON and BESSEL. 


In spite labour of GILL and others progress was painfully slow. The position 


nd of last century may be estimated from the table given by NEwcomps in 


well-known book The Stars, published in 1904. It gives the parallaxes of seventy 


vo stars, of which fifteen are noted as subject to more doubt than usual and one as 
\ comparison of these results with the latest data for the same 


tirely unreliable 
irs enables us to estimate then accuracy, or lack of it. 

The average parallax for these seventy-two stars as given by NEWcCoMB is O"141, 
in the new catalogue 0“116. This shows that the early observers did include in their 


lists Many of the nearest stars. The S\ stematic correction of 07025 can 
considered excessive as there appears to have been a rejection of all 
()* 294, 


observing 
he 
parallaxes. There are two stars with gross errors of 0°347 and 


first of which Was noted as doubtful. For four other stars the corrections 
ire O° 157, 07130 O°128, and O7112. If we reject the first two 


O“O1LS: while if we reject all those 


the mean correction required is reduced to 


marked as doubtful the correction hecomes O- O14, If we apply the S\ stematic 
‘orrection and then calculate the probable error from the remaining residuals we 


as we include or exclude the two GVOSS 


he 0-O24 o1 07032 according 


8 INTERNATIONAL (O-OPERATION IN THE TWENTIETH CENTURY 


Photographic observations by Hinks and Rvusseii at the turn of the century 


e type stars may be intrinsically brilliant or faint and the demonstra 


tion later that spectra could be used for the estimation of absolute magnitudes led to 


proved that 


a demand for trigonometric parallaxes to give a sound basis for the work. Thanks 


to SCHLESINGER. who devised the occulting shutter as a means of eliminating the 


magnitude equation, it was possible to embark on an extensive scheme of international 


co-operation {O1 the determination ot parallaxes, As a result ol work ata dozen 


northern observatories SCHLESINGER was able to publish a veneral catalogue in 1924 


siving results for no less than 1870 stars. The work continued and through the co 


f the Yale station at Johannesburg and the ( ape Observatory extended 


operation ( 
As already stated a new catalogue giving the trigonometric 


to the south pole. 
parallaxes of 5822 stars has just been published. Allegheny and McCormick Obser 
vatories with the two southern ones have each determined over 1600 parallaxes or 
nearly three quarters of the 9000 parallaxes on which the catalogue is based. The 


fact that two of the four observatories which have contributed most are in the 


southern hemisphere has resulted in parallax work for the southern stars being not 


far behind that for the nothern ones. But whereas important stars north of declina 
| 


tion 30° have frequently five or six determinations from different observatories, 
such stars in the far south have generally two or even one only. 

new catalogue early observations included in previous editions have been 
excluded on account ot their small weight. That this Was reasonable Can be deduced 
at once from the fact that over many years several observatories have each deter 
mined annually as many parallaxes as were known from all sources in 1900 and with 


a weight ten times as oreat. 


TACKSO 


t. FururRE Work 


We shall now have a better basis than previously for the determination of absolute 
magnitudes by indirect methods. It will be possible to examine anew the relations 
between apparent magnitude, spectrum, proper motion and parallax. For some 
types of star it will be found that additional observations are required, e.g. for 
bright stars of late and early types which are generally excluded from observing 
programmes on account of the smallness of the parallaxes to be expected. Again it 
is most desirable to extend observations to very faint stars of very large proper 
motion so as to extend our knowledge of stars intrinsically very faint. For this a 
large reflector is necessary but the reward is more certain than for the types just 
mentioned. Useful work will be the investigation of stars for which VyssoTskKy has 
found dwarf characteristics with small proper motion and possibly intermediate 
between dwarfs and giants. It will be worth while to get observations of more double 
stars showing orbital motion, especially faint ones. We can only determine masses 
of stars from double stars in orbital motion, and this motion is more easily observed 
the more massive the system. Hence determinations of mass are for the more 
massive systems. 


5. LARGE DISCORDANCES 


When you look over the separate determinations of parallax you occasionally find 
differences which far exceed what would be expected from the probable error. The 
chance that this can arise from different choice of comparison stars is very small, as 
with a dependence factor of 0-33 it would require a reference star to have a parallax 
of 0150 to produce a difference of 0°050. Not only is this highly improbable but it 
should be possible to detect such a star from its proper motion. Large differences in 
parallax observations could arise from orbital motion of the parallax star. If this 
orbital motion has a period close to a year the semi-major axis of the orbit would be 
of the same order of magnitude as that of the earth’s orbit, so that the observations 
reduced in the ordinary way would give a parallax anywhere between zero and twice 
the true value according as the two orbital motions cancelled or enhanced each other. 
We really know nothing of orbital motion of a yearly period in stellar systems and 
there is little hope of finding such a motion except from discordant parallax observa 
tions. The two determinations of the parallax of 53 Virginis, 0°012 + 0°012 and 
O" LOS 0012, may find an explanation in orbital motion. There are two deter 


minations of the spectroscopic parallax for this star, 0038 and 0045. 


6. RepucTion TO A UNIFORM SYSTEM 
In the new General Catalogue parallaxes determined at the different observatories 
have been reduced to a uniform system by intercomparison, and to absolute values by 
comparison with spectroscopic parallaxes. There are still some unexplained differ 
ences. It may be that the group of smallest spectroscopic parallaxes, individually 
the most reliable, contains some stars of larger parallax which have got into it 
accidentally to produce a systematic effect. Also the reductions from relative to 
absolute parallaxes appear to differ for some observatories, especially the southern 
ones, from those of the second edition of the catalogue. Allegheny and McCormick 
have the greatest weight in the comparisons, and the differences such as Allegheny 


minus Yale and Allegheny minus Cape will probably depend on the least reliable 


parallaxes, trigonometric and spectroscopic. However, as all the relative parallaxes 


volume (with adjusted weights) it is possible for anyone to re-examine 
from the point of view of systematic corrections. To show the degree of 
of the parallaxes it is interesting to examine the observations for BARNARD'S 
‘tion star—apart from the system of « Centauri the nearest to us. The 
relative parallaxes were determined at nine different observatories 
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Fifty Years of Trigonometrical Parallaxes 
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|. HisToRICAL 

THOUGH the distances of a few stars had been determined by meridian and heliometer 
observations before 1900 (see [). LOLS). the foundations of our present knowledge of 
trigonometrical parallaxes were laid by SCHLESINGER by his photographic observa 
tions with the Yerkes 40-in. refractor in 1903-05. followed shortly afterwards by 
H. N. RuSSELL, using the Sheepshanks coudeé at ( umbride he 

Looking back over the intervening veals, it seems almost incredible that as recently 
as 1908 KapTreyN, in a lecture at the Royal Institution in London, could state that 
“with the exception of a hundred stars at most. we know nothing of the distances of 
the individual stars”. Nobody was more interested than the future deviser of the model 
which came to be called the “‘Kapteyn universe” in measuring, as quickly as possible 


{ 


the distances of a considerable number of stars of all luminosities, in order to gain some 


knowledge of their distribution in depth. It was due to KAPTEYN’s enthusiasm, as 
well as to the ingenuity and energy of SCHLESINGER, that other astronomers were 
persuaded to embark on this work, for both recognize it the production of a co 

siderable number of accurate star distances was going a i and laborious ta 


T 


With the O} idual standardization of a satisfactory observing technique, results 


of steadily improving accuracy began to come in. Asin many other fields of astronomy, 


the southern hemisphere at first lagged behind the northern, owing to the uneven 
distribution of observatories with large telescopes, and steps were not taken to redress 
the balance until the second quarter of the century. Parallax determinations were 
started at Johannesburg where SCHLESINGER installed the Yale 26-in. telescope in 
1925, and at the Cape (where the existing Victoria 24-in. telescope was put on to such 
work) in 1926. Thenceforward results flowed in rapidly from these two southern 
observatories, where the climatic conditions were very favourable; and with the 
serious dislocation brought by the Second World Wan especially at northern stations, 
the respective contributions of these two telescopes how equ ils those of the major 
northern observatories. The present status of the work is given in the following 
tabulation, by source, of the modern determinations, now numbering practically 


LO.000, 


Allegheny ; . Lsoo Mount Wilson ‘ - Dov 
Bosscha  . > Se Sproul ; . 400 
Cape : ; . 1LOe7 Stockholm 

Dearborn . : 193 Upsala 

Greenwich ; . 760 Van Vleck 

Leander McCormick . Iss!1 Yale (Johannesburg) 


London (Mill Hill) ; Yerkes 


2? PROGRAMMES 


Phe early programmes of observation were aimed, naturally enough, at stars thought 
likely to show appreciable parallax, and comprised, therefore, the bright stars, 
originally those brighter than fifth or sixth magnitude. The completion of this 
bright-star programme was surprisingly long delayed, and it is only quite recently 
that even so bright a star as x Andromedae (2™15) has been assigned a reliable 
trigonometrical parallax. This was partly because the bright stars present a practical 
problem in photographic determinations of parallax (see ““Methods and Accuracy), 
but partly also because knowledge of spectral types, soon recognized to be an essential 
uxiliary in drawing up a programme, was in so fragmentary a state. It should be 
remembered that the Draper Catalogue, which first made spectral types available 
for stars down to the ninth magnitude. was not completed until 1924. 

The early observers were somewhat disappointed at the smallness of the parallaxes 
lerived for many, indeed most. of the brighter stars, indicating that the range in 
trinsic lumimosity amongst the stars was fat biggel than had previously been 
supposed, and thus that apparent brightness was of little reliability as an indication 
if distance for individual stars. The addition to the programmes of fainter stars with 
irge proper motion seemed likely to give a more reliable harvest of measurable 
parallaXxes The propel motions h id become available Im qu wntity by the re observa 
mn (after some 30 years) of some of the Carte du Ciel zones, and by the publication 
the Cincinnati Catalogues of large proper motions compiled from meridian 
servations 
With the observation for parallax of these fainter stars with proper motions greater 
than about 40” per century the reality of HERTZSPRUNG'S and RUSSELL'S division 
ot the stella population it least of the late spectral types Into giants and dwarts 
was confirmed. It was perhaps not so widely recognized at the time, however, how 
losely the form of the Hertzsprung-Russell diagram was conditioned by the selective 
effect of this dual choice of programme: bright stars and fast-moving stars. These 
ive, broadly speaking, the giants and the dwarfs respectively, so it is not surprising 
that the early Hertzsprung-Russell diagrams showed up the distinction so clearly. 


\s a guide to the luminosity function, however, the diagram can be misleading unless 


interpreted with caution. The following Table | shows, for main-sequence stars, the 


distance in parsecs which is completely explored if all stars of a given spectral type 


abscissa ire examined down to a given apparent magnitude ordinate). It is clear 
that if we make apparent magnitude the basis of an observing programme and thus 
reach out toa specified distance for A Stars, we are reaching only one tenth ot that 


distance for K dwarfs and only one-hundredth for M dwarfs. For giant stars, however, 
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which show no great range of absolute magnitude, we explore roughly the same 
distance outwards for all types, if the survey is limited by apparent magnitude. 
Thus from the point of view of studying the space frequency of stars of given 
luminosity, it must be admitted that the early parallax programmes were particularly 
liable to observational selection. Steps were soon taken, however, to modify the 
observing lists so as to minimize this effect: at Greenwich, for example, and shortly 
afterwards at McCormick, the programmes were extended to include late-type stars 
with smaller proper motions, down to 10” a century. It is still the case, however, 
that we are woefully ignorant of the true frequency distribution of stellar luminosities. 
We know the number and distribution of all types of star down to 10 to perhaps 
5 parsecs from the Sun, a volume that can scarcely be expected to contain a really 
representative selection. We cannot be certain of the same facts out to 10 parsecs 
and beyond 100 parsees we can no longer rely on trigonometrically determined dis 
tances at all, and have to add the further assumption that the calibration of photo 
metric determinations holds beyond the range over which it can be directly checked 
Another field in which the investigation of luminosity distribution in the stellar 
population assumes Importance is the study of stellar evolution. In this connection 
it is significant that when a criterion is developed which picks out a well-defined class 
of star of a particular luminosity, its adoption in observing programmes rarely fails 
to bring in an unsuspected harvest. The spectrophotometric method of detecting 
M type dwarts develope | by Vyssotsky and his collaborators at Leander McCormick 
(1943), for example, has resulted in the detection of early M stars in the luminosity 
range 7 M 10 which are hardly represented at all on the Hertzsprung-Russel 
diagram for the immediate solar neighbourhood. While new groups of stars can be 
found by such means it will remain hazardous to be dogmatic about the types of stat 
that can or cannot exist, or about the range of luminosity that can be expected in 


any one spectral type. 


3. METHODS AND ACCURACY 


During the fifty years in which photographic parallax work has been going on, 
considerable improvements in the technique of taking the plates have naturally been 
made. It is important to remember that it is these observations on which, in the last 
analysis, all estimates of celestial distance, galactic or extragalactic, are based. The 
trigonometric method, relying as it does on precise measurement of the six-monthly 


parallactic shift of a nearby star against the background of fainter and more distant 
stars, is necessarily based on a line at best 2 a.v. long, and in practice considerably 
shorter than this. The discrepancy in order of magnitude between this distance and 
the distances of even the nearest stars means that we can reach out a pitifully small 
distance into space by the only fundamental yardstick at our disposal. If, as we must 
in going further, we take risks by extrapolation, using for more distant objects 
photometric methods calibrated against the fundamental one by means of nearby 
stars, we are the more bound to reduce these risks to a minimum. This further 
emphasizes the importance of paying the strictest attention to details of observational 
method, a precaution already indicated by the minuteness of the angles measured in 
this most delicate astrometric work. 

Though these considerations can hardly have been foremost in the minds of the 


pioneer workers, it was quite early realized that the failure of meridian observations 


to secure reliable parallax results meant that a very high accuracy would be needed 


the photographic method. Clearly the first requirement was for plates with a 
irge scale. Here the American visual refractors, with their very long focal lengths, 
irably suited to the work if used in conjunction with suitable filters and 
photographic emulsions. Of the early entrants into the field, the Greenwich photo- 
ipl refractor (f 22 ft 6 in.) was easily the shortest employed on this work ; 
but the excellence of the lens and the strictness of the precautions taken during the 
rogress of the work led to results at least as accurate as those from the longer 
pes Late on. telescopes of the same short focus were applied to the work at 
he Cape of Good Hope ind at Mill Hill (London 

H onel iccul Cy than could he obtained in meridian work Was clearly made 
the fact that knowledge of the absolute positions of the stars observed 
The same field of stars was to he photographed dozens of times, 
the same comparison stars being used; thus the work became differential and capable 
reat accuracy pro\ ided certain precautions were taken. One of these precautions 
s to eonfine the exposures closely to the meridian. both because atmospheric 
sources of trouble are thereby reduced (for example, refraction, extinction, scintilla 


d especially dispersion are at a minimum) and because instrumental constancy 


s thereby ensured as far as possible. It was also fairly soon understood—and sub 
< ( expe ice has emphasized the importance of this factor that the brightness 
I | star, 1f not ready closely equal to that of the comparison Stars 
Sel Is 1) ruincialy 1 luced to equanty it systen itic errors were to be 

l¢ Here. as with the pre vution of keeping to small hour ingles. some observa 

es wer S nt as the required accuracy demanded, and less weight could 


compiling the successive General Catalogues of 


Magnitude equalization was generally effected by the use of rotating sectors or 

( ers | combination of both. Local desensitization of the photographic 
ils houch quite effective. was not widely idopt d because of the danger of 
ntroducing uncontrolled displacements. The speed of rotation of the sector must be 
oh enough to give a fair sample of the parallax star’s position in all conditions of 
mTey, nd vibration of the telescope In one case i double rot iting sector was used 


n effort to reduce by more than the five magnitudes which is about the maximum 


practicable in a single sector: but this was soon discarded owing to the small number 


of exposures contributing to the image of the parallax star during the continuous 


exposure on the COMparison stars. Filters TOO, Can be troublesome both because of 
ne change of Tocus introduced wd hy the possibility th iT they m L\ be wedge shaped 
rr, worse still, irregular in thickness. 


In the eat v days of parallax work some observatories tried the “Kapteyn method” 
of exposing plates two or even three epochs, storing them unprocessed for the six- 
onth periods between the exposures, and subsequently measuring differentially. 


1i\ 


Thou h theoretically excellent in m ny respects In) practice the method has been 


liscarded: for mistakes in the first exposure cannot be detected until valuable time 


it exposures On a useless plate ; systematic errors 


nas peen lost lMmMpressing Subsequel 
can arise if the qualitv of the images differ systematically and bad weather at the 
second epoch mav m ike it impossible to re expose all the plates taken at the first, 


‘ar period may be wasted for lack of sufficient plates taken at a 
lence, the method of single epoch plates soon became 


eioudy first epocn. In consequ 


general Early pl ictice Was to ittempt to expose five plates at each of five epochs, 
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For a given expenditure of observing time, however, it is certainly better to reduce 
the possibility of systematic errors persisting over the length of an epoch by exposing 
three plates at each of eight epochs. Furthermore, this improves the final parallax 
by contributing a better-determined proper motion to the equations. 

As the campaign for elimination of residual errors progressed, the effect of film 
distortion and displacement came under scrutiny. Though it seems likely that 
avoidance of the edge of the plates and care in processing (especially by quick drain 
ing of the washed plate in a single direction during drying) are effective in reducing 
film displacement, the best method of elimination is to expose twice at the telescope, 
reversing the plateholder through 180° in its own plane between exposures. This 
should completely eliminate distortions which, if uncorrected, would certainly seem 
alarming (LAND, 1942). 

[n all astronomical photography it is, of course, necessary to pay due attention to 
the adjustment of the telescope objective. But in much positional work lack of 
critical adjustment will not produce serious results in the final positions, depending as 
they do on differential measurements on a single plate. Matters are different in 
parallax work, however, where the stability of the adjustment not merely from night 
to night but also from epoch to epoch is vital to accurate measurements. Practice lly 
every refractor in use on this work has a large object glass 24 in. or more in diamete 
weighing several hundred pounds, swung about at all angles at the end of a long tube 
whose stiffness cannot be increased without adding undesirable weight, and supported 
there, necessarily only near the edge, at three main points (though subsidiary sup 
ports may be brought up to register when the main adjustment is satisfactory 
Nothing but continuous vigilance as to the adjustment oft such a lens will secure FOOd 
parallax results. Immediate inspection of each plate after processing is a prime 
necessity, when a careful inspection of the structure of the off-axis images should 
reveal any movement of the object glass as a whole or relative displacement of its 
components. In addition to this day-to-day check it is advisable to obtain every 
month or so, on a night of good seeing, a plate showing the extrafocal structure of the 
image ata series of planes inside and outside the adopted focus. This test is more 
sensitive, by reason of the macroscopic detail visible in the ring systems, than one 
limited to inspection of the in-focus images, but knowledge of the particular object 
glass concerned is necessary for its full exploit ition, and experience gained with one 
lens cannot be carried over in full to another. Attempts have been made to adjust 
and square on an objective by aligning the multiple reflections of a lamp placed at 
the breech end. However satisfactory this m L\ be in theory, it must be admitted that 
it adjusts only the surfaces of the components, whereas the light contributing to the 
images on the photographic plate has traversed the thickness of the glass. Few 
objectives of the size used in parallax observations are so homogeneous or so free 
from local figuring that the reflection method can be adopted with confidence for final 
adjustments, though for preliminary lining-up after cleaning it is rapid and convenient. 

As to the measurement of parallax plates once they have been secured, current 
practice falls into two classes. Observatories with suitable long-screw measuring 
machines find it convenient to measure the half-dozen or more selected star images 


on each plate in order along the screw, though this procedure may involve the 


application of screw errors and, at any rate with large plates, may be somewhat 


tiresome, since the whole plate has to be traversed on the fixed screw. Other 


observatories, particularly those at Greenw ich (1925) and the ( ‘ape, have dey eloped a 
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method by which each plate of the series is clipped in turn against a specially ruled 
glass plate bearing diamond scratches near the positions of the stars to be measured. 
Differential measures against the rulings are then made with a short micrometer 
screw. In this method screw errors are negligible and motion from star to star is 
by sliding ways and therefore quicker than by driving a nut along a long screw. 
Elimination of personal bisection error by reversing the plate on the stage is, of course, 
essential. A slight gain of precision in setting is claimed by arranging that the 
plates are measured twice, by persons who act alternately as measurer and recorder 
ind who thereby avoid the practice—a necessity with a single measurer of con- 
tinually transferring attention between eyepiece and recording book. A further small 
1d\ antage can he vained by using a projection microscope W hich throws images of the 
stars and the fiducial system on to a white screen, especially if the micrometer drum 
readings are also projected. 

In the reduction of the measurements little advantage accrues from the adoption 
of any complicated system of weighting. It is doubtful whether classification of the 
plates on inspection or during measurement into more than two or, at most, three 
weights is justified: certainly in practice it introduces into the reductions unneces 
sary complications which m L\ lead to mistakes. As to the rejection of observations, 
this has always been, and to some extent remains, a source of controversy. A plate w ith 


trailed, defective or out-of-focus images, of course, can and must be rejected out of 


hand on first inspection. What is to be done, though, with a plate which is appar 


ently good on inspection but gives a residual standing out from the rest of the series / 
If re-measurement reveals no reason to suspect an error of setting, there can be no 
theoretical reason for rejecting the plate. It is general experience, however, that 
irge residuals occur more often than in a normal distribution, and some limit is 
frequently adopted to the inclusion of a discrepant measure in the normal equations. 
\t Greenwich this limit is arbitrarily set at 4} times the probable error of a plate of 
unit weight. viz +5 O24 Q: LOS, The result fol the excluded plate is, 
however, published (marked “not included in the equations’) so that any other 
criterion may be adopted if desired. 

The final probable error OT a gxood trigonometrical parallax should be about 

QO”OOS8 and is. of course (unlike that of a spectroscopic value). independent of the 
size of the pal illax. In high latitudes the maximum parallax factor attainable 
varies considerably from season to season, and the resulting probable error may 
range between (say) + 0°005 and O“O11, indicating a precision which is a function 
R.A. Indeed, at Swedish observatories parallax work is impossible at certain 
R.A.s. At Greenwich the average probable error of a plate of unit weight is about 

07024. of which + 0°012 is contributed by error of measurement, + 0°009 is 
due to film displacement, the remaining O-O1LS being unaccounted for. This 
latter, attributed to so-called “‘error of the night”, is no doubt composed of errors of 
suiding, film registration and residual maladjustment of the objective, as well as to 
possible anomalous refraction and dispersion ; and it is this which so reduces the 
value of a second exposure On a given field during the single night that the time ts far 


better spent exposing on another field. 


$4, THE FuTUuRE OF PARALLAX WORK 


The recently published third edition of the Yale Parallax Catalogue (1952) contains 


the results of 9921 determinations on 5822 stars (see p. L020). ( reditable as this 
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result is, it cannot justify the remark sometimes heard that trigonometric parallax 
work is played out: and this is certainly not the view taken by Commission 24 of 
the International Astronomical Union at its 1952 meeting in Rome. 

Though the bright star (< 5™5) programme is complete for stars of medium and 
late type, few observations have been made of O and B stars in this magnitude range 
doubtless because no large parallaxes can be expected to emerge. Yet if statistical 
errors are to be avoided and if a satisfactory basis is to be found for spectroscopic 
parallaxes in these early ty pes, it is essential that these stars be observed. 

Another urgent need is for the extension of the luminosity curve to absolutely 
faint stars. To apparent magnitude 14 or so, the refractors already devoted to 
parallax work have adequate aperture. Below this, however, only reflectors are 
available, and it is unfortunately true that since the death of vAN MAANEN no time 
on any of the big reflectors has been allocated to parallax determinations. It is to be 
hoped that the undoubted needs of astrophysics will not entirely overshadow the less 
publicized but none the less necessary claims. of astrometry on wide-aperture 
instruments. 

Discordances in published trigonometric parallaxes are fortunately rare, but a 
number of outstanding cases do exist Re-observation is needed to see if errors 1n 
the earlier work can afford any explanation even if not, there is an interest ing field 
here for exploring possible orbital motion, particular in periods commensurable with 
a year. Orbital motion in general is well adapted to study by the methods of the 
parallax observers: and further observations are desirable both for determining 
mass ratios in known binaries and for detecting unseen companions by unalysis ot 
plate residuals (STRAND, 1943, 1944: Reuyi and HoLMBERG, 1943) 

It remains a prime necessity to remove as far as practicable the effect of observ: 
tional selection mentioned earlier (*‘Programmes’’). The existence of some stars 
between the giant branch of the Hertzsprung-Russell diagram and the main sequence 
has been established at KO (Martin, 1945) and their frequency in space needs to be 
investigated. The gap at M is also closing (JACKSON, 1946) and the still more difficult 
observational problems here must be solved if we are to progress further. Already 
theoretical astronomers are turning their attention to the evolutionary consequences 
of the existence of these subgiants (MESTEL, 1952 

The recognition, still no more than 25 years old, of the existence of interstellar 


matter in sufficient quantity to produce measurable general obscuration has brought 


in its train the obligation to scrutinize with care all celestial distances based on 
photometric measurements. The trigonometric method is, of course, entirely free 
from the danger that the existence of obscuring matter may invalidate the measure 
ments, but the necessity of observing stars in or near obscured regions becomes yearly) 
of more importance. Circumstellar, as well as interstellar, obscuration is just as effec 
tive in throwing doubt on photometric parallaxes, and trigonometric observations of 
such stars as y Cas and the Pleiades members are needed. 

When to all these lines in which further work is desirable is added the continuing 
necessity of improving the basic calibration of spectroscopic absolute magnitudes 
against trigonometrically determined values, we can assert that this is no time to 
slacken effort on the ground that little of interest remains to be done. It is true that 
work of this kind never makes headlines; but it is equally true that it lies at the 
basis of our knowledge of the scale of the universe. For this reason alone it must 


continue. 
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The Internal Accuracy of the Yale Parallaxes 


GUSTAV LAND 
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|. PROGRAMME OF THE YALE PARALLAXES 
laxes obtained at Yale Observatory lend themselves very well to a dis 


the internal accuracy of modern trigonometric parallaxes. In the taking of 


the plates and in their evaluation, SCHLESINGER followed procedures which would 


‘ad to Maximum accuracy, ¢.g. by using small differences between the magnitudes 

} llax and comparison stars, } avoiding too small sector openings, eC, 

residual effects are thus to he expected in the p.e | the probable error of 

unit weight, which is defined as the probable error of a good plate with three images. 
und which gives a measure of the accuracy. 


The Y ile parallaxes, plates [Ol which were obtained under the super\ ision Ol H. L. 
ALDEN, are published by the Yale Observatory (1936, 1943), mostly in groups of 
forty eight stars each. Details of the material are civen )\ LAND (1948). 

The measurement and reduction of the plates were likewise made according to a 
uniform plan. Nevertheless, the fact that various persons participated in the 
measurements introduced a variation of the De. dependent on the individual 
measurers. This can In part be ascribed to differences in the weighting system used 
by different measurers. Moreover, the same measurer might gradually change his 
weighting system in the course of time, and the programme itself did not remain 
altogether free from changes. Thus some variation of the p.e | with time can be 


accounted for. 


2. STANDARDIZATION Kinm ERRORS 

These two inconsistencies actually turned out to be of such importance that it became 
necessary first to standardize the material by applying corrections to each measurer’s 
STOUPS for different epochs of observation in order to reduce the published p.e. | 
to a common standard. These have been called group corrections. The basic 
standard is represented by the average p.e.| of the entire material, 070245. For the 
sake of brey ity the unit will be taken to be O°OOOL, so that the standard is represented 
by the number 245. 

In what follows a short outline is given first of the standardization of the material 
The original p.e.l are called «, and they are called «, after the group corrections g are 
added to each individual value. The next step consists of eliminating the errors due 
to film shift. which were found to be sizable \t some stage of the photographic 
process between exposure and measurement, the central region of the emulsion may be 
shifted relative to the oute1 portions of the plate. The effect upon is related to 
«|, the sum of the squares of the abscissae of the comparison stars. The results are 
in agreement with an earlier investigation by J. ScHILT (1939) of the so-called distance 
errors, Which were subsequently seen to be identical with the film errors (LAND, 1942 

Kor each of eighteen sections of the material, arranged according to increasing 
values of |.v*], the mean ; was obtained. The result shows that the effect of film 
shift is practically constant for very small and for very large values. The reduction 

to 245 amounts to [¢ S06 ize" 60 em? and to oi 107 1x" 160 em-= Kor 
intermediate values there is a steady decrease of the o. 

The corrections for film errors in y obtained in the same way indicate a range 


between the smallest and the largest o which is only one-sixth of the range in a 
Statistical corrections ¢,, were then obtained, in order to eliminate the effects of 
film shift both in # and y. These corrections were applied to each individual 
in the sections for film errors. After rearranging the parallaxes according to the 
original GrOUpSs of measurers, the mean o for these groups are small, due to the 
mixture of positive and negative film corrections. This indicates that g is to a large 
extent iIndepende nt of co. Nevertheless, a revision of the values of g for this residual 
effect Was hecessary. The revised group corrections are called y The individual 
p.e. | are considered to be standardized by their respective group correction 
together with their shift correction o. The sum of these quantities is called , 
If now systematic effects are to be studied due to a certain argument, @.g. he 
diameters of the images, the material is divided into several groups with increasing 


values of the diameters, and the mean ¢,., is determined for each of these groups. 


3. MAGNITUDES OF STARS AND PROBABLE ERRORS 
The results obtained for the diameters of the images or the magnitudes are given 


here in Table | as an example. The ‘Diameters’ are one-half the sum of the diamete1 


of the parallax star and the dependence mean of the diameters of the comparison 


stars. The material is divided into six groups, with three subdivisions of the group 
with the smallest diameters. The diameters are listed in microns. The column 
(Corr.)” indicates the reductions of the standardized errors to 245. 

The smallest errors are reached for the diameters in ),, D, ranging from about 
140-160 microns, this optimum size being apparently least affected by setting errors. 
For the diameters in D,, D, the errors are increased by a small amount, but they 


) 


barely exceed the total average of 245. More pronounced is the reaction against 


e errors for )),, there is a sharp rise for 
LOO me! 


ons vield a maximum 
070239. This 


‘ASE IS ascribed to the 
blackness. As a con 


\é preference 


sectors exposure 


the 


distribution of 
ot the Was 


he standardized 


lditional changes are 


cases. These final 


RGUMENTS 


neal change of the 


s of the differe 
pposedly due to physi IS@S Since. according 
o the to the largest errors. 


ised by eliminating the 
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effect of diameters. The amplitude of 11 units listed in the third column is the 
difference between the two extreme values. The corresponding Table 61 in LAND 
(1948) indicates, in its second column, the sources from which these data were 
derived. 

The film errors make up 39 per cent of all the systematic effects discussed. The 
second greatest linear change is shown by the hours of right ascension. A detailed 
discussion reveals two periods from 0-16 and from 16-24 hr which are clearly 
distinguishable. The values of the p.e.l are grouped symmetrically around 8 hr 
and 20 hr respectively; the amplitudes for both periods are about 00020, The 
shorter period refers to stars passing the meridian at midnight during the mid-winter 
months for Johannesburg. The variation of the errors with right ascension seems also, 
for the longer period, to depend on meteorological factors. 

For a discussion of the effects due to spectral types, the material was arranged in 
nine groups with spectra ranging from AO to M. The mean errors were found to 
decrease gradually both from the early and late types towards the G stars, but for 
G0 itself there is a sudden increase. This may be connected with secondary colour 
aberration. If the plate was focused with mixed spectral types, and if the best focus 
for the G stars is somewhat in front of the plate towards the objective, it will be some 
what behind the plate for the A and M stars. Thus not only for A and M types, but 
also for G, slightly extra-focal images would result, vielding a minute increase of the 
errors of bisection. 

The result obtained for groups with decreasing sector openings confirms that by 
far the oreatest p.e.| of the parallaxes refer to the smallest openings involving a 
reduction by seven magnitudes. But the regular run of the errors for intermediate 
openings leads to the striking conclusion that there is also a cradual increase of the 
p.e.l, beginning with reductions by at least four magnitudes. Further investi 
gation of the effects of sector openings with different material seems desirable. 

In groups with increasing exposure times, minimum errors were found for exposures 
between 60 and 74 sec., a slight increase for greater values, and a larger one fo1 
short exposures, especially for 15—40 see This seems chiefly caused by the slow 
refraction anomalies which were found to recur at intervals of | min on the average 
(LAND, 1954). Images based on othe exposure times should vield increased errors, 
originating from an imperfect definition of the images which supposedly involves 
an asymmetry in their shape and blackness. It is also conceivable that images 
obtained from more than one cycle show only a slight increase of the errors, in 
contrast with images related to less than a complete cycle. The total range of 
O“O01L indicates that only long-focus telescopes should be sensitive to those 
effects. 

A comparison of the meridian zenith distances ¢ of the parallax stars for Johannes 
burg shows that the p.e.1 referring to ¢ north of the zenith are decidedly larger than 
for € south of the zenith. A separation into groups of different spectral types indicates 
that these differences between north and south are present only for the intermediate 


types F,G, KO. From this it appears that the effect may be due to secondary colour 


aberration originating from a change in the optical length of the tube caused by the 
flexure of the telescope. 

In one of SCHLESINGER’S last publications he established that there exists no correla 
tion between the p.e.1 and the size of the parallaxes. For the purpose of comparison, 
SCHLESINGER’S discussion was extended from the 851 parallaxes used by him to the 


323 parallaxes on which the present investigation is based. Neither the results 


btained by extending SCHLESINGER'S compilation nor those derived from the 


ible errors suggest the presence ol systematic effects depending on 

he size of the parallaxes. However, while the average deviation from the total mean 

ymounts to $- units tor the published p.e.l used by SCHLESINGER, the 

stal dized errors vield an average of only l-7 units. thus confirming both 
SCHLESINGER S findings and the efficiency of the standardization. 

\ similar result was obtained for six groups with increasing proper motions, with 

ndication of a systematic trend. However, if the large parallaxes and the large 


ns contain sensible effects of orbital motions which were not considered in the 


st-s ires solutions for the parallax series. they should exhibit increased errors 
1} IS it there is anv sucn effec 1 It must he small 
lo decide upon this question. the interval p between the first and the last observa 
| 


n for each parallax series was introduced, expressed in units of 100 days. The 


standardized errors obtained for six groups with increasing p show, indeed, an increase 
the two groups with the longest ranges. These groups contain much more than 


louble stars and larger errors would be expected on account 


¢ ble motions 
Ne rouments GISCUSS¢ d but not tsted in Table e Hpelong also the differences 
onitude between the z 1nd COMPparison stars. The \ ire defined by the difference 


\ of the diameter of the parallax star and of the dependence mean of the diameters 


come the guiding effects, \ must be kept not large 


the « } DAarisol S iTS lo ove 


Lccoraln 


the cone} ISIOnN nat up to wnouNntsS ot at least 0 } 


\ there exists no sensible effect on the p.e.l of the Yale parallaxes. and that the 


guiding error is less than 0°01 per magnitude. This is also confirmed by groupings 
I the dispersion in the magnitudes of the Comparison stars \ result in the same 
sense was first obtained by J. ScHILT. and was communicated to the author in a 
etter which is referred to in the above-mentioned publication (LANbD, 1948 
kewise, effects due to atmospheric dispersion were not found in the present 
, This absence might be connected with the small hour angles involved in the 


ORRELATIONS 


+ 


Numerous correlations were established between irguments, often in connection with 


lm errors An example is marked increase of these errors with galactic latitudes. 


In the rich nelids near the Vii ky Way the COM palisol Stars Can In ceneral he selected 


han in higher latitudes. Since the film errors increase with 


correlation 


he degree of accuracy with which the systematic effects can be established mav be 


1idgeda bY Thes nallness of the probable erro1 ot the st indardized 1).€ gS This probable 
error amounts to 0.0002 Tor any ol the six standard groups with 220 parallaxes. 
It is evident that the discussed systematic effects can be ascribe 1 to physical Causes. 


Thus it should be possible to arrange tuture parallax programmes in such a manner 


that at least some of the effects that tend to increase the p.e.l are eliminated, 


The Visual Binaries 


|. The history of the double stars has ulready been told so fully that there is no 


reason to go over the same ground again here (¢.g. AITKEN. 1935). It is well known 


f 


that double star astronomy owes its birth t he search for stellar parallax: one of 
several unexpected results of that search. Not infrequently the result of a scientific 
investigation proves to be rather different from the purpose for which it was started 


a fact which may serve as a warning of the risk one runs in predicting future trends 
of scientific research. 


Nevertheless. such risks must be taken one can only hye ouided by past lines o 


+ 


development. 


2. Perhaps the most striking feature of the evolution in astronomical observing is 
the gradual displacement of the visual observer. Our eyes still provide the easiest 
way of communicating the results of observation to our brains, but their special 
function as critical appraisers is being taken over more and more by instruments of 
ever-greater complexity. 

As a result, our observations become ever more impersonal, trustworthy, accurate 


and, incidentally, ever more costly to obtain In the process, astronomical observa 
the artistry shifting 


tion is becoming a technique and losing its claim to be an art. 
from the use to the desion of the instruments. There may be some who regret this 


but that will not halt its happening. 


8 In double star astronomy the visual observer, using some form of micrometer o1 


>. 
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interferometer, still provides the bulk of the observations at the present time. For 
the more widely separated pairs photographic methods have, however, largely 
supplanted the visual observer. A beginning has been made with the application of 
electronics (LACROUTE and Baccuus, 1952); in view of its triumphs in other fields 
it would be rash to suggest limits to the outcome of these experiments. It may well 
be that the astronomers of the year 2000 will look upon the work of Dawes, DEM 
BOWSKI, BURNHAM or AITKEN much as we regard that of TycHo BRAHE: with pro 
found admiration for the observer's skill, mixed with a feeling of regret that such 


skill could not be applied to more refined instruments. 


t. Reliable measures of double stars cover a period of some 130 years and must by 
now number about a million. The total number of double and multiple stars so far 
discovered is of the order of 30,000 and is still increasing slowly, though the system 
tic surveys down to the 9th Durchmusterung magnitude have been completed. It 
is obvious that a large amount of observing time, with telescopes of all sizes, has 
already been devoted to the discovery and measurement of double stars. We should 
ask ourselves if the results obtained are commensurate with this effort. More impor 
tant still: can we justify the continuation of this work by the importance of the 


idditional information we may expect to gain / 


5. At an early stage in its history, double star astronomy strengthened our faith in 


the universality of the law of gravitation by showing that the relative motions in 


4,1] 1] ] 1 
distant stellar systems followed the same rules as the bodies in our solar svstem 


The first orbit of a double star was computed already in 1827. We now have the 


orbits ol nearly S00 systems, roughly half ot which may he considered fall approx! 


mations. The remainder is subject to varying degrees of uncertainty, some being 
nearly meaningless. 

The number of reliable orbits will continue to increase fairly rapidly in the future, 
pro\ ided always that the necessary measures W ill be forthcoming. Though the total 
number is still rather small for the purposes of a statistician, this orbit material has 
been used in several investigations. The conclusions reached by different investi 
gators have often been contradictory, as apart from its numerical insufficiency the 
orbit material is not a representative sample of the double stars in general. For 
example, a correlation has been found between period and eccentricity, in the sense 
that these elements appear to increase together. \part from the fact that the 
correlation is weak, it may well be produced entirely by selection. A binary such as 
ADS 11060 (period 19-75 years, eccentricity 0-96), in flagrant conflict with this 
supposed correlation. is rare in the orbit catalogue. but may not be so rare in the sky. 
On the other hand. orbits for which the period of revolution is much larger than the 
period covered by observations will in general be derived only if the eccentricity is 
large and periastron passage happened during the latter period. For otherwise the 
observed are would be too small to invite orbit computation 


Orbit planes and lines of apsides seem to have a random orientation in space. 


6. Of far greater importance as a contribution to our fundamental astronomical data 
is the fact that these orbits, combined with a knowledge of parallax, have enabled us 
to find stellar masses and hence to establish the mass-luminosity relation, one of the 
cornerstones in the theory of the internal constitution of the stars. Probably, most 
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astronomers will agree that this contribution alone justifies all the time spent in 
observing double stars. 

When it was found that stellar masses did not vary widely, it was realized that a 
good approximation to the parallax could be obtained by assuming the system to 
have an average mass, since the parallax varies only as the cube root of the mass. 

When the mass-luminosity relation had been established, an even better approxi 
mation could be found by making the—generally safe—assumption that the system 
conforms to this relation. 

Dynamical parallaxes computed in this manner are among the most accurate 
parallaxes known. Even a rather uncertain orbit will often yield a good dynamical 
parallax, as considerable uncertainties in period and semi-axis major may largely 
compensate each other. 

Methods have been worked out whereby dynamical parallaxes, admittedly of a 
lower standard of accuracy, can be found for double stars where the observed arc is 
insufficient for orbit computation. The number of pairs suitable for this treatment is 
much greater than the number of orbits, while the accuracy obtained is still sufficient 


to make such parallaxes useful (RUSSELL and Moore, 1940), 


7. Stars close together in the sky as seen from the Earth do not necessarily form a 
binary or multiple system. They may be entirely independent of each other, situated 
at different distances from the Earth; they are then called optical or perspective 
double stars. 

If the observations disclose uniform rectilinear motion, the pair 1s optical ; if 
Keplerian motion, it is a physical system. For the vast majority of the double stars 
given in our catalogues the motion so far observed is, however, so minute, compared 
to the errors of measurement, that this criterion fails. In some cases parallax, 
proper motion or radial velocity may help to discriminate, but in general it is not 
possible tO say ota particular double star whether it is physical or optical. What we 
can say, on the strength of simple considerations of probability, is that by far the 


greater percentage of the pairs given in our catalogues is physical. 


8. It is not possible to draw a sharp boundary between a multiple system and a star 
cluster such as the Hyades, Pleiades, Praesepe, efe. For practical reasons most of 
the double star discoverers have. however. adopted a limiting distance beyond which 
two neighbouring stars were not deemed to constitute a double star. In the course of 
time these arbitrary limits, which often depend on apparent magnitude, have tended 
to become narrower. For the limits adopted in the Lick survey and the corresponding 
surveys in the southern hemisphere we can be confident that the physical pairs falling 
outside them easily outnumber the optical pairs falling inside them (AITKEN, 1935, 
p. 208). 

These surveys have shown that, down to the ninth magnitude in the Durch 
musterungs, at least one star in every eighteen, on the average, is a visual double sta1 
within the adopted limits. For the spectroscopic binaries the surveys can only be 
considered complete for the bright stars, down to about the sixth magnitude. In this 


case the proportion found is as high as one binary per three to four stars. 


9. These figures give, however, a very misleading impression of the real frequency of 


binary and multiple stars in space and of the true proportion of spectroscopic to 


visual binarie . oe very different picture if we restrict ourselves to the near 


neighbourhood of the Sun, where our data may be assumed to be reasonably complete. 


ue of trigonometric paral uxes (YALE OBS., 1952), 

s within a sphere having a radius of 5 parsecs and the Sun at 

Of these. twent? e. including the ire single stars and the other 
form one triple and eleven double stars. In the triple system the bright 
liscovered visually while the faint companion Proxima was 

of common proper motion. Of the eleven doubles, four are “unre 
netric binaries’. found in the course of photographic determinations of 
is and Pro von were suspecte 1 of duplicity because of variable proper 
companions were ictually seen and the other five are visual 

i. There is not a single spectroscopic binary among them. 

167 stars, of which ninety-four are single and the 

lruple star, five tripl | twenty-seven double 

ve Majoris, Is a visual ur of which each com 

spectroscopic binar One of the double sta y Draconis, is also a 
discover Of the iple stat we a VI ial double plus a distant 
h one component is 


isual discoveries. Of 


eve that 
the Sun is particularly 
oreatel 


of duplicity 
he Sun show 


common occur 

e much more numerous than the f one in eighteen, found in the 

l\ ‘the immediate surroundings of the 

our knowledge of duplicity must be ver complete means of discovery 
not powerful enough 

in spite ot the ig 2 | re pect C C | ies amongst the 

us, the typical, average double star is a visual one with a period measured 


the median period of the bin sn the Sun has been 


n gave 300 


l 


eresting contirmat I 1 > Tact thi I aupl It\ of such ivge numbers 


inknown to us is given by the colour-magnitude diagrams for clusters. 
is been found that the so closely that dis 
lances can be explained largely, if 1 wholly. by err 1 the colour and magni 


determinat 


ions. There are, | ‘ver, some exception stars, undoubtedly 


Tr me mbers which ippeal to be 1 } to three uarter 1 magnitude too bright 
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for their colour. The simplest explanation is that they are undiscovered double 
stars of which the components do not differ greatly in brightness. The more unequal 


pairs do not reveal themselves in this manner, there being too little difference 


between the combined magnitude and that of the primary alone. 


In a similar manner, unknown duplicity may distort the light curve of a variable 


star. 


12. It would seem that the strongest reason for continued research on double stars 
stronger than the wish for more orbits, masses, and dynamical parallaxes—is the 
very fact that they are so abundantly represented in the stellar population. No 
theory can afford to treat them as exceptions. 

We need the same kind of information on the components of stellar systems as we 
do on single stars: parallax, proper motion, magnitudes, colours, spectral types, etc. 
In fact, they do not appear to differ in characteristics from single stars. In addition 
we need as much information as we can get on the orbital motions in these systems; 
in particular, more radial velocities of double star components, especially near the 
nodal passages, would be of great value. They eliminate the ambiguity in the orbit 
plane and supply useful information on parallax and mass ratio. 

We do not seem to need further indiscriminate discoveries, but a stronger link 
between visual and spectroscopic binaries would be welcome and our knowledge of 
duplicity should be as complete as we can make it, at least in the neighbourhood of the 
Sun. For the first desideratum the interferometer used on large telescopes and 
continued observations of radial velocities (for stars known to have variable velocity, 
but for which no orbit has been e¢ ymputed) may pro\ ide the best line of attack. It 
may well be that interferometric as well as direct visual observation with reflectors of 
large aperture would prove worthwhile. Inch for inch the refractor is no doubt the 
more suitable instrument for double star observation, but nowadays the reflectors 
have a considerable advantage in the matter of inches. 

The double stars already known will in the long run provide us with enough orbits 
and dynamical parallaxes to satisfy our needs, if only they are kept under adequate 
observation, visual or photographic as may be most suitable for the pair in question. 
Continued work on mass ratios and unresolved astrometric binaries by the parallax 


observers will also be of great value. 
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Planetary Companions of Stars 


PETER VAN DE KAMP 


Sproul Observatory. Swarthmore, Pennsylvania 
he stud f planetary companions of stars is at present being carried out through the methods of 
g is photographic astrometry, which are briefly outlined. The analysis of a perturbation leads to 
rbit, which generally refers to the photocentre of primary of companion The dynamical inter- 
a generally vields a lower limit for the mass of the unseen companion for any adopted value of 
ned masses; this is a basic limitation in the discovery and evaluation of planetary masses, 
he results so far are tentative; caution and optimism are recommended for the future. 


|. INTRODUCTION 

THE search for and study of planetary companions of stars other than our Sun is part 

of the more general problem of unseen companion objects of stars: direct visual 
observations could not reveal a planet resembling Jupiter even for the nearest star. 

The problem must therefore be attacked by any combination of astrometric, spectro vA 
scopic, Ol photometric methods. Historically, the problem may be said to have begun L3 
with the astrometric discoveries of the unseen companions of Sirius and Procyon in 

1844. the spectroscopic discover) of the binary character of the bright component of 

¢ Ursae Majoris in 1889, and the photometric discovery of the companion of Algol in 

1782, confirmed spectroscopically in 1889. These were the beginning of a growing 

series ol discoveries ot Ww hat. VW ith a few possible exceptions, proved to be companions 

of stellar nature. The obvious difficulties confronting the search for planetary com 


panions of stars are the small masses and luminosities of these objects compared with 


those of the parent stars. A star is defined as self-luminous, a planet as non-luminous 


and shining by reflected light. A conventional distinction on the basis of mass is that 


an object with a mass of 0-05~ would be a borderline object, having a surface tem 


perature of 700° K and being barely visible in the visual range (RUSSELL, 1943, 1944). 


The least massive. visible star found so far is Kriiger 60 B. with a mass of 0-167: the 


most massive planet is Jupiter, with a mass of 1 1047... We must be prepared to 


find stars less massive than Kriiger 60 B. as well as planets more massive than 


Jupiter (VAN DE Kamp, 1944a). 
The best way of finding an unseen companion lies in a study of the perturbation of 


the star, caused by its companion. The principle is simple: An unseen companion 


causes the visible star to describe Keplerian motion around the barycentre of the two 


objects: the semi-axis major x and the period P of the ellipse are a measure for the 


mass m of the unseen companion (VAN DE Kamp, 1943, 1944a. 1944b. 1950: STRAND. 
1944). 


In formula: 


M11 \ M Mt) ws 


where VW is the mass of the primary. 
The path of the star on a background of faint reference stars is studied by means of 
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photographs taken with a long-focus refractor; one plate with two or three exposures 
yields positions with an accuracy of about 0.03 (p.e.). An accuracy of as high as 

0-01 (p.e.) may be reached for normal places based on a large number of plates 
taken on several nights (VAN DE Kamp. 1944b). For the components of photographic 
ally resolved binaries the relative positions may be measured with an even higher 
accuracy (STRAND, 1944). 

A quantitative illustration of perturbations to be expected is given in Table 1. 
Tabulations have been made for two cases of combined mass 1-0” and 0-2~> respec 


tively. Entries have been made for four parallax values: 0705, 071, 02 and 074, and 


Table 1. Semi-axes 


parallax, a semi-ax 


mass Of Companion 
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for semi-axes major of the relative orbit of primary and companion of values: 1, 
16, and 64 astronomical units. The corresponding periods are 1, 8, 64, and 512 years 
for combined mass 1-0-, and 2-24, 17-9, 143, and 1145 years for combined mass 
0-2. Smaller orbits have not been considered, since they generally are ill-suited to 
astrometric discovery: here the spectroscopic method is most promising. 
Companion masses from 0-001] to 0-05— (approximately from Jupiter's mass to 
its fiftyfold value) have been considered. An inspection of Table 1 reveals the minute- 
ness of a perturbation caused by a companion of mass 0-001© even for stars or large 
parallax, unless the period is very long. The discovery of companion masses up to 
0-01] is not feasible except for the proper combination of sufficiently large period 


and parallax. In most cases observations spread over a few decades would be fruit- 


less, but continued over a much longer time, interesting results might be obtained, a 
strong argument for continued long-range astrometric observations of nearby stars 
particularly. Obviously the situation is more favourable for companions attached to 
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stars of lower mass, say 0-2 than for companions of stars with masses equal to or 


exceeding that of the Sun. 


{ ompanlons with largel masses are more easily discovered numerous unseen 


objects have been found over the last two decades. with masses of about 0-05 or 


more If is extremely likely that these unseen objects are stars (VAN DE Kamp. L950). 
One of the best examples is Ross 614, whose perturbation was first discovered and 
studied by Revyt (1936), and recently discussed by Liprpincorr (1951). 

There are tentative indications of unseen Companion objects with masses of about 
0-01 or more: these may be planetary companions. However, definitive interpreta 
tions can hardly be reached at present, partly due to limitations of accuracy. But 
there may also be an inherent indeterminacy because of the very technique employed 
for the discovery of these unseen objects. This essential difficulty will be discussed 


2. ASTROMETRIC TECHNIQU! 


Highest positional accuracy is reached through the astrometric technique applied 
with long-focus refractors (VAN DE Kamp, 195la, b,c, d,e). Historically, this technique 
has developed along two lines parallaxes SCHLESINGER) and double stars (HERTZ 
SPRUNG). Because of reduced atmospheric dispersion, the photo-visual technique is 
to be commended, although vo00d results may also be obtained with the conventional 
hlue photographic technique In the photo visual technique an approximation to 
monochromatic portrayal is obtained by the combined “filtering” effect: colour 
*urve of the objective. minus-blue filter wd vellow-sensitive emulsion In this Way 
the dependence of the effective wavelength on spectral class is much reduced, and the 
resulting Compensation is a strong protection against errors due to atmospheric 


dispersion wd also any transverse aberration due to possible minute shifts between 


4 


the component lenses of the objective (VAN DE Kamp, 195la, ¢ 

When the parallax technique is used, the positions of the star or stars are measured 
on a reference background of faint stars. If necessary, M ionitude compensation is 
accomplished usually by means of a rotating sector. The plates are taken close to the 
meridian to minimize hour angle effects. No more than four plates, each with no 
more than four exposures, are taken on any one night, the limitation being governed 


by nl ‘ 
may be reached for any one night. \ suitable set of reference stars is selected with a 


ht errors and plate errors. A positional accuracy of 0.02 (p.e.), or better, 
view to having a configuration that will have a reasonably long life, depending on the 
proper motion of the central star(s). However, future transitions to other reference 
configurations should be anticipated now. The plates may be measured on a pre 
cision longscrew measuring engine. in two co-ordinates x and y, which closely coincide 
with the directions of right ascension and declination. The plates are reversed in their 
own pl ine and measured iwaln. and the average in each co-ordinate is used. Because 
of the small angular extent of the long-focus plates the small changes in refraction 
and aberration may be considered as linear functions of the position of the star on the 
plate. Hence, all plates of a series are reduced to the same origin scale, and orienta 
tion by means of a linear transformation, which is performed by the dependence 
method (VAN DE Kamp, 1951b, e 

Photographic measurements of double stars. carried out by the methods developed 
by HERTZSPRUNG and STRAND, are of particular interest in the present problem 
STRAND, 1944). A plate with forty to fifty measured exposures yields a relative 
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position of the two binary components, with a probable error of about 0-006. 
Magnitude error is eliminated by the use of an objective grating. The proximity of 
the components and the absence of a reference background results in high positional 
accuracy. In the event of a perturbation, however, no decision can be made as to 


which component the third, unseen, component belongs (VAN DE Kamp, 195la, e). 
3. PERTURBATION: PHOTOCENTRIC ORBIT 
A perturbation may be suspected from a systematic trend in the residuals left after 


the positions of a star are represented by parallax and proper motion, taking into 


account any known orbital motion; if the material consists of the relative position 


L!OHd 
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of the two components of a double star, parallax and proper motion do not enter into 


the problem. The ephemeris applied to the observed positions may be based on eithe1 
’ rather 


a least squares solution, or may be provisional, in which case the “*remainders’ 
than the ‘residuals’ are used for further study (VAN DE Kamp, 1944b, 195la, 1951d, 
I95le; STRAND, 1944). Provisional analyses, on the basis of circular motion, are not 
recommended, since they may fit actual Keplerian motion poorly. The dynamical] 
elements P, ¢, 7’ are generally best derived from a plot of the displacement curves 
a(t) and y(t) (VAN DE Kamp, 1947a, 1947b), while the geometric elements may be 
the form of constants (4), (4). (@), (Ff). which are analogous, in fact 


determined in 
B.A, G. F of the relative orbit of the 


proportional to the Thiele-Innes constants 


Y 
. where 


unseen Companion about the visible star. The factor of proportionality is 
a 


zis the semi-axis major of the perturbation, a that of the relative orbit of companion 
and primary (VAN DE Kamp, 1945, 195Ic, d, e). 

The smallest star images on long-focus photographs are rarely below L” in diameter 
blended exposures of components separated 1”, or sometimes even more, generally 
present circular images. Now the reflected light of a planetary companion would be 
negligible and would not affect the observed position of the primary. But a self 
luminous, though unseen, stellar companion could draw the centre of light toward 
the centre of mass. This would be the case for separations of companion and primary 


up to L” or even more. While for periods of half a century or more the danger of 


Planetary companions of stars 


ending would not exist except for stars of very small parallax, the blending is 
venerally to be expected for periods up to several decades, except possibly for a few 
t the very nearest stars (Table 1). The blended image of the unresolved binary 
might still be round, but the “photocentric” orbit would be appreciably smaller than 
the perturbation orbit actually described by the primary. Since the dimensions of 
the latter are a measure for the mass of the companion, the observations would yield 
i Jower limit for this mass (Fig. 1). 

The quantitative situation is as follows. If the companion has no light of its own, 
or is sufficiently far away from the primary, we have measured the orbit of the visible 
star around the centre of mass of itself and the companion: the semi-axis major 
Ai 


M m 


If the companion has light of its own and if the separation 


of this orbit is Ba where B is the mass of the companion in terms of the 
total mass of the binary. 
ot the two components is well below the resolving power of the photographic image, 
then we have measured a blended image, which is (generally) closer to the centre of the 
mass than the bright component. In this case the measured orbit refers to the 
blended image, and with close approximation the semi-axis major x of the photocentric 
Bb })a (VAN DE Kamp, 1945, 195le, e: HAL, 1949, 1951). Here p is the 
f the companion in terms of the total luminosity of the binary, usually 


| halla where Am is the difference in magnitude. com 


orbit is 
tumMINnOSItTy O 
expressed as ) | 


panion minus primary 


tf, DyNAMICAL INTERPRETATION 


astrometric orbit of an unresolved binary gives two data of 


The analysis o 
a dynamical interpretation of the binary (VAN DE Kamp, 


particular interest for 
195ld,e): these are the period P and the semi-axis major % 
rin the case of sufficient separation of the components, 


In the case of planetary : 


r other dark companions, O 


x Ba. and we may derive the mass function 


a9 


vy. having been converted into astronomical units on the basis of the known parallax 


of the system. Or we may write 


which gIVeS the mass of the companion see also Table | We have to assume a value 


for the total mass of the system, except where this quantity would be known in the 


case of a visual binary. 
Generally, however, we do not know whether the observed perturbation refers to 


the pure image of the primary or whether it refers to the photocentre of primary and 
B ia and we have the mass function 


companion. In the latter case x 


or we may write 
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which gives a /ower limit for the mass of the companion, for any adopted value of the 
total mass of the system. 

Generally, therefore, we must accept that the observations yield a lower limit for 
the mass of the unseen companion as represented by formula (4). The fundamental 
difficulty is that a small perturbation such as would be expected from a planetary 
companion, may be caused also by an unresolved binary whose photocentre falls 
close to the barycentre. One has to be careful, therefore, about attributing a very 
small perturbation to the influence of a planetary companion. In all cases the mass 
functions have to be carefully scrutinized in order to evaluate the range of possible 
interpretations. The choice of interpretations may be limited by direct visual 
observations (VAN DE Kamp, 195ld), and by spectroscopic observations, as suggested 
by the author (1944b), and again recently by STRUVE (1952). The spectroscopic 
method would be, obviously, important for the case of planetary companions close 
to their parent stars. 


5, ASTROMETRIC STUDIES OF PLANETARY COMPANIONS 

The studies made so far have been partly based on existing parallax data extended 
beyond the range of the initial series of plates. The results for planetary companions 
are essentially negative, or at best tentative. Premature interpretations of a set of 
residuals from a parallax solution have led to the discovery of several perturbations 
of small amplitude, and hence presumably due to companions of small mass. Without 
exception these results must be considered spurious; they would not be mentioned 
here, were it not for the fact that they often uncritically have been accepted as 
significant. We refer, for example, to the results of HOLMBERG (1938). With a prob 
able error of about + 0-03 for one plate, no reality can be attached to his perturba 
tions, which are based on limited series of a score of parallax plates, measured in 
right-ascension only. HOLMBERG’S paper contains interesting remarks on the present 
problem, but his quantitative results are illusory. The perturbation of 70 Ophiuchi, 
found by Revyt and HoLMBERG (1943), has not been confirmed by accurate photo 
graphic observations of STRAND (1952); the often-referred-to planetary companion 
in the 70 Ophiuchi system finds no support in the most up-to-date analysis. Another 
example of a spurious result is the long-period perturbation of Lalande 21185, 
derived by MANNINO (1951): this result is illusory, as proven by the current photo 
graphic material collected at the Sproul Observatory (Lrpprncort, 1952). 

REvUYL (1943) has studied the variable proper motion of Ci 1244 BD — 20° 2465. 
From 109 plates taken at the McCormick Observatory over the interval 1915-1942. 


he finds a perturbation with a period of 26:5 years and a semi-axis major of 0.11; 


yeilding a mass of 0-03— for the unseen companion. Measurements on 149 plates, 
taken at the Sproul Observatory over the interval 1938-1948 confirm the existence of 
variable proper motion, which, however, does not fit the orbital elements proposed 
by Revyt, a period of about nine years and a semi-axis major of 004 being indicated 
(VAN DE Kamp and Lippincott, 1949). This is an interesting star, and definitive 
results may be forthcoming in the near future. 

The measured positions of the brighter component of 7 Cas indicate a perturbation 
with a period of twenty-four years and a semi-axis major of 0°019. This leads to a 
companion with a mass of the order of 0-01... The result is provisional and the star 
is being continued on the Sproul Observatory programme (VAN DE Kamp, 1948a). 

A recent study of the binary Kriiger 60 suggests a perturbation in Kriger 60 A 


] 


period of sixteen years, and a semi-axis major of 0-03. The mass of Kruger 


\ is well determine 0-27 


the resulting lower limit for the mass of the unseen 
companion is 0-009 This result is howeve1 presented with considerable reservation 
VAN DE Kamp, 1953 no perturbation is indicated by the residuals of the strong 


rial recently published by the Yerkes Observatory (STRAND, 1952). This may 


igain serve to illustrate the delicate nature of any interpretation of systematic runs 


highly accurate photographic observations of he double star 61 Cygni over 
1914-1942. SrraND (1943) finds a perturbation with a period of 4:9 years 
vielding a lower limit for the mass of the unseen com 
This result finds confirmation in the recent investigations by 
NOWACKI 
for unseen-stellar or planetary-companions of stars by the 
is begun at the Sproul Observatory in the 
1943. 1944b The programnic includes all stars with 
the 24-1n. retractol isa rule fom plates on 
rof stars of large parallax, 
for these ind these stars only—perturba 
\s a matter of fact. a short 
of the very varest stars: Lalande 21185 
KAMP. L9SId, 1951 the lower limit 
is not unlikely that 
it has not been 
tematic deviations in 
KAMP, 1953 
5 61668, for which 
from a parallax 
Observatory aitel adding two 
nsidered th rturbation erroneous—non 
Nor was t perturbation confirmed from 
wnd-a-hall years at the Yale 
1940). In 1944 the present author announced 
ates taken at the Sproul 
to 1943-2 lation from constant proper 
found and the period estimated at five years or 
1948 the observational m ‘rial at the Sproul 
es on LOL nights (VAN DE Kamp, 1948b). The 


measul ib] pr rturbation over the 


he spurious perturbation, reported in 1944, resulted from 


ter 1941-822 with the Sproul 


NCLUSION 


Sproul study has helped to clarify the possibilities ind limitations of the method. 
need for sufficient observations has become evide in order to reach the highest 
possible accuracy 1 avoid spurious results. The technique of photographic 
istrometry must be te all aspects stability of telescope objective, of 


measuring engines | o be alert to possible systematic errors which 
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might change over the years, gradually or abruptly. Possible pitfalls are spurious 


periods caused by gaps in observational series. For stars of small parallax there 


exists the danger of interpreting scattered positions in successive cycles of short- 
period orbits as due to an orbit with a multiple period; this in turn would lead to an 
erroneously reduced value of the lower limit of the mass of the unseen companion. 
Interpretation of a limited set of observations by a fortuitous orbit should always be 
prevented by testing any provisional orbit through additional observations, prefer 
ably taken in close temporal succession. Continued series of observations, year in, 
year out, decade after decade, will yield positions of high total weight, so necessary 
for the discovery and interpretation of small perturbations, some of which may yet 
prove to be of planetary origin. 

The problem is a slow one and we must admit that we have just begun to tackle the 
astrometric approach. There is all reason to continue the search for planetary com 
panions of stars, using the methods of long-focus photographic astrometry. The 
astronomical vistas in this field may be best illuminated by quoting from BESSEL’s 
letter (1844) referring to the discovery of the unseen companions of Sirius and 
Procyon: “For, even if a change in motion can, up to the present time, be proven in 
only hwo cases, vet will all other cases be rendered thereby liable to SUSPICION ; and it 
will be equally difficult, by observations, to free other proper motions from the 
suspicion of change, and to get such a knowledge of the change as to admit of its 
amount being calculated”. Not all variable proper motions will yield companions of 
planetary mass, but companions of planetary mass will find astrometrically observed 


perturbations among their most reliable and effective messengers. 
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White Dwarfs and Degenerate Stars 
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SUMMARY 


ne bservational data now known about the white dwarfs have been reviewed and analy sed with special 


emphasis on the relationship between colour—or spectral class—and luminosity. It is found that the 
white dwarfs occupy a broad band, roughly parallel to, but lying about ten magnitudes below the main 
sequence in the H-R diagram. The very sketchy observational knowledge of the red-shifts is discussed 


and it is suggested that perhaps many white dwarfs exist with masses much smaller than that of the Sun 


In conclusion a plea is made for a return to more observations rather than to more theory on the white 
iwarfs, notably for more determinations of radial velocities and red-shifts, of accurate colours and 19 


awart component 


ontaming a white 


|. HisTORICAL 


THE discovery, almost simultaneously, of two stars of high surface temperature 


but low luminosity added a new species to the known stellar population—a species 


that was destined to play an important part in theories of stellar and atomic structure 


and of stellar evolution. 


The observational facts leading to the recognition of these stars may be briefly 


summarized for the more famous of the two, the companion to Sirius. Ever since the 


middle of the nineteenth century it had been known that Sirius moved across the 


sky in a somewhat oscillating manner: curvilinear motion implies acceleration and 


what other force would come to the astronomer’s mind as quickly as the force of 


oravitation’ Therefore. AUWERS concluded, Sirius must have an invisible com 


panion. In 1862 the reality of this companion was verified visually by ALVAN CLARK, 


and during the next few decades the relative position of the two stars was assiduously 


observed, and by the turn of the century we had fairly reliable data on the orbit. 


In addition, the distance of the pair from us was determined and we thus had 


available the following information on the faint star: luminosity about 1 400 of 
that of the Sun, mass 96 per cent of that of the Sun. Nothing unusual here, but then 


came the bombshell: in 1915 ApAms observed the spectrum and found it to be of 


class F, indicating a surface temperature of about 8000°K and hence a surface 


brightness about three times that of the Sun. From the luminosity we then calculate 


a radius equal to 1 35 of that of the Sun, a volume of | 40,000 and hence a density of 


the order of 5 104 @.g.s. 


‘~* 


The explanation was not long in forthcoming. EDDINGTON’s novel suggestion that 
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the high density was due to the almost complete ionization of all atoms not only was 
entirely adequate to explain these high densities but suggested that, provided the 
pressures were high enough, densities approaching those of atomic nuclei, 10! c.g.s. 
at least, could be envisaged. 

Because the companion to Sirius has a diameter smaller than that of the planet 
Uranus, and such a high temperature that it looks whiter than the Sun, the name 
White Dwarf was suggested for this type of star, and this is now universally employed. 
Almost simultaneously another similar object, 0, Eridani B, was discovered, and 
shortly afterwards a third was found by vAN MAANEN. The former has a luminosity 
400 times smaller than that of the Sun, a surface temperature around 10,000°K, 
and a mass of about 0-44 of that of the Sun, hence a density well over 10* c.g.s. 
VAN MAANEN’S star appears to have a diameter smaller than 0-01 of that of the Sun, 
but even though its mass is not known—it is not a component of a binary, but a 
single star—there can be no doubt that it, too, is white dwarf. 

Following EppinaTron, R. H. Fow er laid the foundation for the numerous later 
researches on the structure of white dwarfs. It was FowLER who first pointed out 
that quantum principles demanded a serious deviation from the classical gas laws 
for matter under these conditions. Specifically when the density exceeds the thres- 
hold value of p= 8 10% . T?? which, since 1“, the mean molecular weight per 
particle of the highly ionized gas, will be of the order of 2, and 7’ of the order of at 
least 10° K, will be attained around p 16, it is evident that in white dwarfs 
matter will not obey the classical gas laws. Still further deviations occur relativisti- 
cally since a large part of the electrons must move with velocities approaching the 
speed of light. Under these conditions the electron gas is generally described as 
“degenerate ’. 

The extensive theoretical investigations of CHANDRASEKHAR (1938, 1951) seem to 
indicate that “highly degenerate matter, in equilibrium under its own gravitation, 
provides a very good first approximation to the structure of white dwarf stars”’. 

The present writer has been primarily engaged in several observational aspects 
of the problem: this present summary will deal mainly with those observational 
phases, therefore, and mention the theoretical work only insofar as it bears directly 


on these observations. 


2, DISCOVERY 
The white dwarfs are stars of low luminosity and high surface temperature, or 
white colour; the search for such objects is a simple and straightforward matter, 
therefore. By comparing pairs of photographic plates taken with the same telescope, 
but many years apart, it is easy to detect those stars which possess large angular 
motions across the sky. Since the dispersion in linear velocities is very much smaller 
than that in distance, and since, at any rate, no star is known to move with a speed 
in excess of 1000 km per sec., and very few even move with speeds greater than 
200 km per sec., it is safe to conclude that a faint star with large angular motion must 
be comparatively near, and therefore also of low luminosity: it is a dwarf. The only 
thing that remains is to take a pair of plates, one in the blue, one in the red, and to 
estimate the colour of the star in question relative to its neighbours. While this method 
is not infallible—especially owing to possible space-reddening in galactic regions—it 


does provide, with a minimum of routine-observational drudgery, a list of suspects 


for which the probability is high that they are white dwarts. 
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lo be specific: from an examination of 290 pairs of plates from the unique collec 
ion at the Harvard Observatory, which plates cover completely the area of the sky 


south of declination 50> and which show some 15.000.000 different stars, some 


30,000 stars with appreciable motion were identified. A second ‘‘screening’’, through 
in examination of these 30,000 stars on blue-red pairs of plates, whittled this down to 
some ninety-five reasonably certain white dwarfs, and a further sixty-six probables 


und possibles (LUYTEN, 1951, 1952b, 1952¢, 1953a). 


\ plot of the distribution of these stars over the sky is shown in Fig. 1. While it 


would appear as if there is some galactic concentration it should be borne in mind 


a) the plates used in the survey generally had longer exposures in regions of low 


Lia 


ralactic latitude, thus showing many more stars, and (6) the method of identifying 
white dwarfs, dependent as it is on colour differences between the white dwarf and 
the background, probably selects too many spurious objects in heavily reddened 


uactic regions 


he frequency of white 


While it has not vet been possible to determine accurately t 


dwarts in space, all indications are that, as a group, they must be more numerous 
than any other ty pe of star except those belonging to the main sequence. 
The area covered by this survey amounts to only 12 per cent of the entire sky. 


as 


(overage fo! the remainder of the southern hemisphere is almost complete as far 
motions for stars brighter than the fourteenth magnitude are concerned, but the colow 


observations have been made only for a few thousand stars of very large motions. In 
the northern hemisphere even the proper motion coverage is very spotty. However, 
out of all this there has emerged a list containing ninety-one reasonably certain white 
dwarfs, and another seventeen probables and possibles, all north of declination a0 


3. SPECTRA 


certain which of the stars in these lists are genuine white dwarfs or de 


To make 
it least accurate colour indices 


generate stars. further observations are required of : 
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and or spectral classes and preferably also of parallaxes. The chief difficulty 
with these additional observations is that paradoxically, white dwarfs are the 
easiest stars to discover, but the hardest to observe: the majority of them are 
so faint and so white that it is very difficult to see them on the slit of the 
spectrograph. 

Kven so, a considerable body of spectroscopic data is now available and while this 
is far from homogeneous (many spectrograms are under-exposed and nearly all of 
them had to be taken with minimum dispersion), it is possible to derive some 
preliminary conclusions. 

sroadly, the spectra of these stars may be classified into four groups: 

(a) The majority of them show the Balmer series of hydrogen and little else; 
for them the designation DA is suggested (D for degenerate, dwarf, and dense). In 
most cases the lines are broad and shallow—widened by the Stark effect of the strong 
electrostatic fields caused by the high density. The prototype of this grOUp, 05 
Kridani B is bright enough to permit the taking of spectra of higher dispersion: these 
show rather sharp cores in the wide hydrogen lines. Several white dwarfs are 
known, however, which show only sharp hydrogen lines and have spectra generally 
resembling those of the stars we call ‘intermediate’, i.e. those intermediate between 
the main sequence and the white dwarfs. The star CoD 32 : 5613 (L 532-81) isa 
notable example of this; since it has the large proper motion of 17 annually, 
and the parallax indicates a luminosity of 1/600 of that of the Sun, there can be no 
question about its true degenerate character. 

(6) A second group comprises those stars whose spectra show the H and K lines 
of Ca t1and are, for that reason, classified as DF or DG though, apart from the calcium 
lines, the features of their spectra are totally dissimilar to those of ordinary F and G 
stars. VAN MAANEN’S star, with a luminosity of 1/600 of that of the Sun, is the best 
known representative of this group. It may well be that stars of this type are much 
more numerous than it now appears, since, in the absence of definite information on 
spectra and parallaxes, these stars would be hard to identify from motions and colour 
alone, as they are not white. 

(c) The third group—whose colours range from the bluest to almost the reddest 
have spectra which appear completely continuous, at least when observed with 
small dispersion. While it should not be ruled out that if spectra with larger disper 
sion could be obtained, some of them should be classified under (a) or (6), some stars, 
notably No. 43 in Humason and Zwicky’s list (1947) and LDS 678A, show no indica 
tion of lines when observed with a dispersion which reveals strong hydrogen lines in 
nearly all stars under (a). 

It is not impossible that in this group belong the white dwarfs which are rotating 
rapidly: a star with a diameter equal to twice that of the Earth but a mass equal to 
that of the Sun would have a surface gravity equal to 10° g and would be stable 
even with an equatorial velocity of the order of 1000 km per sec. 

(d) The fourth group comprises only two stars at present, those whose spectra 
show only helium lines, and nothing else. Current theories on the structure and 
composition of white dwarfs indicate that they should contain virtually no 
hydrogen but only helium and metals, the spectral lines of hydrogen being 


produced in an extremely shallow atmosphere which may have been acquired by 
hence stars without a trace of hydrogen lines may well be quite 


accretion: 


common. 
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4. COLOURS 

In the absence of spectra really accurate colour indices are essential for the recog 
nition of genuine white dwarfs. At the time of writing no photo-electric determina- 
tions of colours have as yet been published, but observation on them has been 
in progress at many observatories. Measures of accurate Blue minus Visual and 
Ultra-violet minus Blue colours should aid materially in identifying and classifying 
white dwarfs into different groups, if such exist. 

The hope that from two such colour-indices a white dwarf could be uniquely 
It seems that there are other 


identified does not. however, appear to materialize. 
types of stars neither blue super giants nor white dwarfs which have the same general 


colour-indices. 


5. LUMINOSITIES 


The final, and really conclusive proof that a star is a white dwarf can only be given 
when the distance and hence the luminosity are known; and the prospect of deter- 
mination of distances for a large number of white dwarfs is very dim indeed. Fewer 


colour indices for 


velationship between absolute photographic magnitudes and 
the four white 


» dwarfs of known and estimated parallax. Black squares indicate 
the Hvades: the full black dots those seventeen stars for which the data seemed 


sin 


l 


incertain, the radius of the circles indicating approximately the probable error in 


data. Heavy open circles indicate more uncertain data; thin open circles the most 
uncertain data 


than thirty are now known, nearly all the remaining white dwarfs are fainter than the 
thirteenth magnitude, and no observatory is now determining parallaxes for stars 
fainter than the eleventh or twelfth magnitude. 

From the data available at present the writer has made up a diagram showing the 
relationship between colour (or temperature) and luminosity—which diagram is 
reproduced here again (LUYTEN, 1952a). The only addition made to it is that of the 
CARPENTER at Arizona, and the writer, for 


< 


data for the star L 886-6 found by E. F. 
which star the—highly uncertain—data available suggest a colour index of + 0-15 
and a (photographic) absolute magnitude of 16-7 (CARPENTER and LUYTEN, 1953). 
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In view of the paucity and uncertainty of the data the only reasonably safe con- 


clusions that may be drawn from this at present seem to be: 


(a) The white dwarfs form a broad, wide sequence, generally parallel to the main 
sequence but lying about ten magnitudes below it (luminosities fainter by a factor of 
about 10,000). Possibly the very blue star BD + 28: 4211, found by MacRag, 
FLEISCHER, and WESTON (1951), could be considered as the most luminous white 
dwarf. 

(6) The dispersion in luminosity for a given colour appears to be real and there is as 
yet no reason to assume the existence of several separate and roughly parallel 
sequences. 

(c) The diameters of typical white dwarfs appear to lie between those of Uranus 
and of the Earth, and only a few stars are smaller than the Earth though none have 
been found as yet smaller than the Moon. 


6. RED-SHIFT 

One further observational check on the calculated characteristics of white dwarfs 
is possible through the theory of relativity which demands that light leaving the 
surface of a star be reddened by a small amount which is proportional to the gravita- 
tional potential at the surface. For the Sun it amounts to a displacement of the lines 
equal to that produced by a velocity of recession of 0-6 km per sec.; for other stars 
it would be 0-6.4R, where M and R are the mass and radius of the star expressed in 
terms of those of the Sun. For the companion to Sirius it amounts to — 19 km per sec. 
and observation of this by ADAMs in 1919 constituted one of the most important 
verifications of the theory of white dwarf structure as well as of the theory of 
relativity. 

It is evident that this effect is inextricably intermingled with the star’s velocity 
in the line of sight, and that it can be determined only if: 

(a) the white dwarf is a component of a binary system, and the true geometric 
velocity in the line of sight can be calculated from observations on the other com- 
ponent, as in Sirius B, or 

(b) the star is so exceptionally dense that the “red shift’? should be very much 
larger than the star’s own velocity; even then its accurate determination is possible 
only in a statistical sense, as the average for a number of stars. 

In the table below are given the estimated red shifts for a number of representative 
white dwarfs; these have been calculated from the best values available for the radii 
as obtained from the observed colours, and for the masses as given theoretically by 


Table 1 


Sirius B ; F 03 19 19 

0, Eri B , ‘019 14 

van Maanen Star . ‘Ol: 60 large positive 
L, 532-81 : ; ‘O15 4() 60 

R 627 . ; ‘0045 135 small 

lL. 886—6* : E “0025 250 small 


* | am greatly indebted to Dr. MILTON HUMASON who obtained a spectrogram of 
L. 886-6 with the 200-in. Hale telescope for the information that its spectral class 
resembles that of an Ad star, that the lines are broad and shallow, and that there is no 
indication of a large positive velocity 
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(‘HANDRASEKHAR. Insofar as the writer is aware no determination of the red-shift for 
,, Eridani B has been published, though it should be comparatively easy to ascertain. 
For vaN MAANEN’S Star and for L 532-81 the observations appear to agree roughly 
with the theory, but for the other two stars—both of which lie in that part of the sky 
where the component due to solar motion is positive—there is no agreement at all. 
It is possible that we shall have to consider the occurrence of white dwarf masses 
smaller by a factor of ten or more than those predicted theoretically by 
(‘HANDRASEKHAR. 

The second and third columns give the mass and radius of the star expressed in 
those of the Sun. and the last two columns give the calculated and observed red 
shifts expressed in kilometres per second; for the last four stars, however, these are 


the obse1 ved radial velocities. 


7. BINARIES 
In connection with the red-shift the importance of binaries containing white 
dwarf—or even semi-degenerate—components may be emphasized. About twenty 
tive such systems are now known but with the exception of Sirius, Procyon, and 
» Eridani they are all wide pairs discovered because of common proper motion. 
With an average separation of the order of 15”, an average annual proper motion of 
less than 0°2, and, since the other component is an ordinary red dwarf of probable 
mass around 1 8 of the Sun, a total mass not much exceeding that of the Sun, their 
periods of revolution must be counted in thousands and tens of thousands of years, 
ind the average annual orbital motion to be expected will be under 0°01, It will 
take at least hity years, therefore, before even statistically reliable information on 
the masses of these systems becomes available. Yet it seems to the writer to be of the 
utmost importance that series of accurate measurements on photographic plates 


aken with long-focus instruments be initiated as soon as possible, for these stars 


‘constitute the only ones from which at present any direct evidence on the masses 
of white dwarfs may be obtained. 

One system may be singled out from among these, viz. LDS 275 (LUYTEN, 1944), 
the only one now known where both components are W hite dwarfs. Witha separal ion 
of about 3-4” and an annual motion of 0°35 very provisional measures on plates 
taken at the Cordoba Observatory indicate an orbital period of about 300 £00 years. 
No parallax has vet been determined. 

The most complete information on the physical characteristics of white dwarfs 
will undoubtedly be obtained if some day we discover an eclipsing binary with a 
white dwarf component. The chance for the discovery of a pair of white dwarfs 
eclipsing each other is, unfortunately, quite remote: for two stars equal in size to the 
Earth and revolving around each other at a distance of about three Earth-diameters 
would ha e¢ a period of revolution of only about 1 min and each eclipse would last 
only 7 sec.—too difficult to detect in a star of the fourteenth magnitude. If, however, 
the other component were an ordinary red dwarf with a diameter 1/3 of that of the 
Sun and the mutual separation were equal to the diameter of the Sun, then the period 
would be of the order of 8 hr, and totality would last 30 min, with the partial phase 
consuming only about | min.* All of this should be observable with present-day 
equipment. A search for such systems might perhaps most profitably be undertaken 
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with a spectroscope since in the case just mentioned the orbital velocity of the red 


star would be more than 200 km per sec. 


8. CLUSTERS 

Many years ago two white dwarfs were found among the members of the Hyades 
cluster by vAN Rutgn and RatmMonp (1934); in recent years HUMASON and ZWICK\ 
(1947) have added four more. Since the proper motions of members of the Hyades 
cluster are large, averaging more than 0°1 annually, membership in this cluster can 
be easily confirmed or disproved; moreover, at the distance of the Hyades, some 
127 lightvears, a typical white dwarf of the o, Eri B type appears of the fourteenth 
magnitude, which is bright enough to obtain good spectra. It may be hoped, there- 
fore, that a thorough analysis of the spectra of these Hyads will provide us with a 
good deal of information on the properties of white dwarfs—specifically as to the 
masses, because the red-shifts can here be individually ascertained—and may even 
give us a clue as to the relative abundance of white dwarfs in space. 

Attempts to identify white dwarfs in other galactic (open) clusters have not been 
very successful to date. The present writer has examined several pairs of blue 
yellow plates of the Pleiades, Praesepe, and the Coma Cluster, all taken with the 
36-in. telescope of the Steward Observatory (LUYTEN, 1953b). Few, if any other, 
galactic clusters are within reach of this telescope (with which, under present 
conditions white stars fainter than 18-5 cannot be reached), since at a distance of 
1000 lightyears a typical white dwarf will appear nearly of the nineteenth magnitude 

In the Pleiades not a single really white star of the required apparent magnitude, 
17-18, was found; in Prasepe one star of m 17-8 (pg) and L.C. 0-05, and four 
others with colour indices around 0-2 were found, all of which might possibly 
belong to the cluster. Similarly, in the region of the Coma Cluster for which the 
distance modulus is 4-4 and hence a typical white dwarf would be expected to appeat 
of the fifteenth to sixteenth magnitude, two or three stars within the required magni 
tude and colour range were found. Owing to the faintness of the stars it does not 
seem likely that spectra will be obtained in the near future; both clusters are so 
distant that it will likewise take a long time before the proper motion of the stars can 
be determined with sufficient accuracy to settle the question of their membership. 
Yet it would seem to be of importance to determine whether, ¢.g., the presence of 
white dwarfs in the Hyades and their apparent absence from the Pleiades is related 
to the difference in composition of these clusters, and it is to be hoped that similar 
searches will be carried out with the largest telescopes on all open clusters in which 
white dwarf members may be expected to appear brighter than the twenty-first 
magnitude. 


9. OTHER SEARCHES 
Several years ago a new type of search for white dwarfs was initiated by HUMASON 
and Zwicky (1947), viz. by looking for faint white stars in regions where no distant 
white stars were expected—either because of heavy obscuration (Taurus region)—or 
in high galactic latitude. Forty-eight faint white stars were found by them, fifteen 
in the region of the Hyades, and thirty-three near the North Galactic Pole. Among 
the former are four members of the cluster, four others which may possibly be white 
dwarfs, while the remainder appear to have no appreciable motion, and remain a 
puzzle. In the latter group only two white dwarfs have been identified, the others 


White 


dwarfs and degenerate stars 


being stars of very small motion, probably members of the “corona” of our galaxy. 
\n extension of this survey by the writer to the area immediately south (equatorially) 
of the Galactic Pole and down to the eighteenth magnitude has produced several 
dozen white stars, probably mainly of the same “coronal” type, but no new identifi 
ible white dwarfs as yet (LUYTEN, 1953b); it is hoped that plates may soon become 


ivailable for the region of the South Galactic Pole also. 


LO. CONCLUSION 


[In summarizing the present state of our knowledge—or absence of it—concerning 
white dwarfs and degenerate stars, the writer cannot but emphasize his plea for 
a return to a sound observational basis. We now have extensive calculations 
on what the masses of white dwarfs must be. but no observations are made to 
determine what they are: we have many theories proving conclusively that a white 
dwarf can contain no hydrogen to speak of, but must contain mainly helium, oxygen, 
and metals, but no detailed observational analysis of the spectra has been made to 
tell us what is actually found there: we have many theoretical investigations on 
what the size and luminosity of a white dwarf must be, but no parallaxes are now 
being dc .ermined to tell us what they are. It seems to the writer high time that 
observers with modern giant telescopes plan some extensive series of observations in 
order (o provide a firm basis of observational facts under the quick-sand of current 


astrophysical theories. 
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The Dimensions of Omega Centauri 


K. M. LINDSAY 


Armagh Observatory. N. Ireland 
SUMMARY 


The dimensions of Omega Centauri have been obtained in blue and infra-red light from st: 
ADH plates. The diameters in the blue and infra-red are 620 lightyears and 370 lightyears, 
with ellipticities of 6-7 in each case. The ellipticities decrease towards the centre o 
inclination of the major axis to the galactic 


circle is 27° visually, and 15° from star-ce 
blue; in the infra-red the inclination is 30° from star-counts. The 
cluster is not the same, there being a relative difference 


yunts 
stellar density on either side 


equivalent to O™25 


THE dimensions of Omega Centauri (NGC 5139) have been determined by 


SHAPLEY 
and SAWYER (1927) and by SHAPLEY and SAYER (1935). 


In the first case the diamete1 


Omega Centauri. Exposure 60™. ADH _ telescope. 
108a-O plate 


was estimated by inspection of A, B, and AX plates, and consequently the results 
refer to the inner parts only of the cluster. A diameter of 23’ and an ellipticity of 
8 were found. In the second case the diameters of the cluster were measured on a 


1057 


of Omega Cent 


densitometer tracing, using a Moll microphotometer, taken from a 90™ exposure 


This, naturally, gave a much larger diameter (65:4) but no indication of 


B plate 
ipticity was found at this boundary although the inner portions of the cluster 


IV ell 
showed definite oblateness. 

\s pointed out by SHAPLEY, the dimensions obtained for a cluster will depend on a 
number of factors such as exposure time, seeing, transparency, focal ratio of telescope, 
method of development. The writer had taken a 60™ exposure of Omega Centauri 


on a 103a—O plate and a 75™ exposure on an IN plate with infra-red filter 89A with 
the ADH telescope The dimensions of the cluster have been determined from the 
two plates by direct star-counts Photographs of the cluster in the blue and infra-red 
light are reproduced in Figs. l and 2 Both plates are of excellent quality, the blue 
being of especially cood quality. The counts were made through a binocular micro 
scope magnification 6 by superimposing a reseau on the plate and counting to 
the limiting magnitude in each square. The blue plate was counted twice, the infra 
red once. The rows of the reseau were orientated in an east-west direction. The 
side of a reseau square was 2-3 mm or 159°5. 


The results of the star-counts for the blue and infra-red plates are plotted in 


Figs. 3 and 4 respectively. The plots give the number of stars per square (ordinates) 
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for each square of a row of the reseau. On the blue plate thirty-eight rows were 
counted, each containing sixty-eight squares, corresponding to an area of 5:08 square 
degrees. On the infra-red plate thirty-eight rows were counted, each containing 
fifty-one squares or an area of 3-81 square degrees. The gaps in the plots are where 
the plate was completely burnt out, or where the density was too high for accurate 
counts. 

[t will be seen from the curves that on the blue plate there is no evidence of the 
cluster for the first eight and last six rows of the counts. Apart from the presence of 
dark nebulosity on one side of the cluster, the fluctuations in the counts are purely 
random. The mean number of stars per square averaged over each row is remarkably 
constant, showing only a normal increase towards the galactic plane. The deficiency 
of stars on the eastern side of the cluster persists through all the rows, reaching in 


many cases close to the outer boundary of the cluster. Consequently the ‘‘zero line’’ 


for the field stars is different for each side of the cluster. Taking this into account, 
the boundaries of the cluster for each row have been drawn in as shown. Since this 
involves personal judgment, Dr. Oprk kindly drew the boundaries independently. 
His results gave a larger diameter than, but the same ellipticity (see below) as, the 
writer's. The size of the cluster recorded here is therefore probably a conservative 
estimate. 

In the infra-red there is no evidence of the cluster for the first sixteen and last 
eight rows, and only a sample few of these have been plotted. The mean number of 
stars per square averaged over each row is constant. Unlike the blue plate there is 
no systematic difference between the average number per square on either side of the 
cluster and the mean on either side is the same as for the rows above and below, 
indicating a remarkably uniform distribution on an infra-red plate over the counted 
area. 

The limits of the cluster in the blue and infra-red for each row are plotted in Fig. 5 
and a smooth curve drawn through the points. In each case it is found that an ellipse 
fits the points satisfactorily. Taking SHAPLEY’s (1944) distance of 6-8 kiloparsecs 


for the cluster we get the following values for the maximum diameters: 
Diameter in blue light 95-7 190 parsecs 620 light years. 
Diameter in infra-red light 57’ 113 parsecs = 370 light years. 


The diameter as found by the densitometer method was 130 parsecs, so that with the 
present method, instrument, exposure time, ¢fc., an increase of approximately 50 per 


cent is obtained. 


Inspection of Figs. 1 and 2 shows a noticeable oblateness in the blue, but little, 
if any, in the infra-red. As pointed out by PEASE and SHAPLEY (1917), the impression 
gained by visual inspection can be quite different to the results obtained by star 
counts. As can be seen from Fig. 5 the latter give high ellipticity in both blue and 
infra-red. Defining ellipticity as ten times the ratio of the minor axis to the major, 
we find a value of 6-7 in each case for the outer boundary. SHAPLEY’s value of 8 was 
by inspection. It seems strange that the densitometer tracings showed no sign of 
this. A possible explanation would be that the zero line of the tracing was drawn in 
at the same density of stars on either side. This would raise the zero line on the 
eastern side, where there is obscuration, giving an effect of smaller major axis and a 
consequent absence of oblateness. 
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The dimensions and ellipticities of the cluster have been found for star densities 
of 40, 60, . . . , 100 stars per square in the blue, and of 10, 20,. . . , 100 stars per 
square in the infra-red. The values are given in Tables 1 and 2. The observed sizes 
and shapes have been included in Fig. 5 (inner contours) for 60 stars per square in 
the blue and infra-red. 


The results would indicate that there is high oblateness at the boundary but almost 


circularity just inside. The presence of absorption on the one side is one possible 


O 


40 


Fig. 5. The outer limits of the cluster on a blue (above) and infra-red (below) plat 
Inner contours are the limits for a density of sixty stars per square. Ordinates are 


rows; abscissae are reseau square numbers 


contribution to this in the blue. This is taken into account in fixing the outer limit 
by the change in the gradient of star density. When, however, we choose a boundary 
so further into the cluster on the obscured 


defined by equal star density, we must 
side than on the absorption-free side to reach this density, and consequently shorten 
the length of the major axis. The percentage effect of the deficiency of field stars, 
however, decreases with density and it is also impossible to say if even this effect 
extends into the cluster. No obscuration is present on the infra-red plate, so that 
any such explanation for decreasing oblateness towards the centre does not hold. 
There is, however, a much larger uncertainty in measuring this due to the very steep 
rise in the counted numbers. More accuracy would be obtainable with smaller 
squares and the uncertainty is very large for the high numbers. Nevertheless, it 
seems highly probable that in each case there is decreasing oblateness towards the 


The dimensions of Omega Centauri 


ameters and ellipticities of Omega Centauri 


HOU exposure {DH 1038a—O plate 


Diameter Diametet 


(minutes of are) (parsecs 
Major Minor 


Outer boundary Q; 63-8 190 
10) 5 63-8 147 

50 } 58-5 12] 

60 55 53-2 110 

48-4 102 

46°S QS 

44-9 93 


3°] 89 


l ellipticities of Omega Ce 


{DH IN plate with infra-red 


Diametet 


yarsecs 


be considered likely. It is to be noted 


centre, a situation which can dynamically 
same as the outer boundary in the infra- 


that where the dimension in the blue is the 
red, the degrees of flattening of the two are very different 
f rotation for different objects ora different 


(9-5 blue: 6:7 infra-red), 
possibly indicating a different degree o 
distribution. 

The conspicuous ellipticity of the cluster in the blue (Fig. 1) 


draw its major axis and find its inclination to the galactic circle. Reckoning from the 


galactic east through galactic south this comes to 27°. The value obtained from 


15°. The two results agree with those found by SHAPLEY. His 
It is too uncertain 


makes it possible to 


star-counts Is 
estimate gave a value of 30°, while star-counts gave 15 
to estimate the direction of a major axis on the infra-red plate. The value of the 


inclination from star-counts comes out at 30°. which. within the limits of error, is 


the same as the estimated value in the blue. 


As pointed out above, the density of stars is not the same on either side of the 


The reseau rows are sufficiently nearly parallel to the parallels of galactic 


cluster 
Moreover, as can be 


latitude so that no galactic latitude effect can account for this. 
seen from the lower rows especially of Fig. 3, there is a systematic deficiency of stars 
on one side followed by a distribution which is uniform within the limits of random 


fluctuations. As is to be expected, there is a galactic latitude effect ove the counted 
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area but this has no effect on the difference in the average numbers on either side of 
the cluster. This amounts to seven stars per square, a deficiency of 20 per cent, which 
is equivalent to a difference of 0-09 in log N (the logarithm of the number of stars 


per square degree) or a relative absorption of about 025. The approximate area 


covered by the absorption is shown in Fig. 6, where no attempt has been made to 


show any fluctuations within the obscured area. 


Unpublished star-counts to Mote l4 by the writer have shown this to be a 


15°) with a total absorption of less 


relatively clear region in low galactic latitude ( 
than 0"25. It is not possible to say exactly what is the limiting magnitude of the 


O 


Fig. 6. The shaded area gives the distribution of absorbing material in the neighbourhood of 


The vertical lines represent bright galaxies. Ordinates are reseau rows; 


Omega Centauri, 


abscissae are reseau square numbers 


magnitudes of other ADH exposures it 


present plate, but from experience of limiting 
Harvard counts of galaxies in this 


must be in the neighbourhood of Mt. 19-5. 
region (SHAPLEY, 1944) give a total absorption of O05. 
The writer, however, has had no exper! 


Counts of galaxies over the 


area were made and are included in Fig. 6. 
ence of differentiating between faint galaxies and stars and it was felt that any such 
counts of faint galaxies would be too uncertain to be of value. The galaxy counts 
were confined therefore only to those bright objects which have a surface area. Of 
this total counted number nearly one-half are found in the obscured side. This is not 
5 would not affect the counted numbers of these 


surprising. An absorption of 0'2: 
Fainter 


bright galaxies and, besides, this region merges into the Centaurus window. 
nebular counts should, however, show the effect, provided the obscured area is large 


enough and there is an absence of clustering. 
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On the Groups of Diffuse Emission Nebulae 


G. SHAJIN 


Akademia Nauk, Moscow, U.S.S.R 


\ 


Ips Of emission nebulae which seem to re¢ present real concentrations 

ng for emission nebulae and patches may be also suggested in some 
mission nebulae are probably real fluctuations in spiral arms. It is 
» groups of nebulae is positive, and that they are unstable. 


THE distribution of emission nebulae on the sky shows a tendency to clustering, only 
a small part of which can be due to interstellar absorption (SHAJN, HAseE, 1953a, 
1953b).* This repeats to some extent the clustering tendency of the O—BO stars. A 
number of groups can be distinguished and they seem to represent actual concentra 
tions of nebulae in space. 

A list of twenty-one such groups of emission nebulae is given in Table 1. 
and ( denote the degree ot probability that a group is real 

Groups of nebulae are often closely related to O-associations (AMBARTSUMIAN, 
1949), or to aggregates (MorGAN, WHITFORD, Copk, 1953) but they are far from 
being identical. Several groups are also mentioned in lists of nebulae (BoK, BESTER, 
Wabk, 1952, 1953: SHARPLESS, OSTERBROCK, 1952) 

The groups under consideration are of quite different sizes. Even within the same 
nebula separate condensations may sometimes be observed. For instance, the 
Trapezium Nebula, having on long-exposure plates the size 2-4 2-0, consists 
of NGC 1976, NGC 1977, NGC 1982, and other nebulae. [IC 1848 consists actually of 
two adjacent, but separate, bright and large nebulae. Close to the main nebula 
there are sometimes separated smaller ones, which however probably are connected 
with it (for instance, NGC 6618, IC 4706, IC 4707). The phenomenon of clustering is 
manifested in a most striking manner in a nebula such as NGC 6334, consisting of five 
separate patches, within 0°7 0°8, of nearly the same order of brightness and size 
(No. 8). An example of a larger group is No. 9 in Sagittarius, which consists of 
NGC 6523, NGC 6514, IC 1275, and some others. The nebulae NGC 1976, IC 434, 
NGC 2024, the large nebula around 4 Ori, and a number of others form a still larger 
group (No. 3): there is no doubt that all these nebulae are members of a physical 
group, although they extend over 20° in the sky and 170 parsecs in space. Finally, 


the largest group in the galaxy probably occurs in the Cygnus cloud: it embraces 


many bright and faint nebulae within the longitudes 38 —53°, extending in space to 


perhaps 300 parsecs. 


One may suggest that nebulae entering into each group are connected genetically. 


Certain clustering tendencies of emission nebulae may also be suggested in extra 
galactic nebulae. For instance. each of the nebulae NGC 5447 and NGC 5462 in 
M101 consists of two to three bright nebulae stretching along the spiral arms. It 


* 6. SHARPLESS (1953) spez of a ‘rather spotty distribution of interstellar hydrogen 
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seems probable that a few emission nebulae brighter than 16™ also form groups along 
the spiral arms of M31, M51, NGC 2403. In addition, we have suggested the presence 
in M33 and other nebulae of a number of patches with emission characteristics, from 


») 


80 to 250 parsecs in size. Dr. Haro has kindly informed us that he also suggests 
something like this in M33. These patches are probably groups of small details in 
nebulae which cannot be resolved on the small-scale photographs. Emission nebulae 


lie in our galaxy in the spiral arms, and part of these form groups. The arrange 


ment of the nebulae along the spiral arms is especially well brought out in several 


spirals of types Sc and Sb, of which a preliminary study has been made (BAADE and 
MayaLi, 1951: Haro, 1950: ALLER, 1953; CourTés, 1952). Our investigation 
which was restricted to the brighter emission nebulae ( 16™) in M33, MIO1, M51, 
and NGC 2403, shows that nebulae are encountered along the spiral arms even at the 
greatest distances from the central region. There, as well as in the galaxy, the 
emission nebulae and patches probably form real fluctuations in the spiral arms. 
Perhaps, however, the nebular population of a spiral arm may be considered to 


constitute a system of high order in the cosmogonic sense. 


In connection with the suggested grouping of nebulae a question arises as to the 
stability of such systems. This problem is to some extent analogous to that raised 
by AMBARTSUMIAN (1949) for the O-associations. Using some general considerations, 
and also certain observational data, one may suggest that the total energy of groups 
in question, as well as that of individual large nebulae, is mostly positive, these 
nebulae and groups of nebulae being therefore unstable. For this reason the velocities 
of the nebulae within a group may be somewhat different. A difference with respect 
to the exciting stars may also be expected and, therefore, if such differences are 
observed. they cannot yet be considered as an argument against the hypothesis of 
their genetic connection. 

In the light of the above-mentioned considerations the large nebulae as well as the 
groups of nebulae are to be considered as young systems | 107-5 . 10° years old or even 
less) like the O-associations, the spiral arms being the locus of their formation (lasting 
probably even until the present time). The expansion seems to be a fundamental 
feature of the nebulae and of the groups of nebulae, at least at certain stages of their 
evolution. Maybe there is some kind of expansion along the spiral arms, too. In 
connection with this it is noteworthy that several large groups of nebulae and large 
individual nebulae are stretched preferentially in the direction of galactic longitude 
(in galaxies in a more conspicuous manner along the spiral arms). It seems that this 
effect cannot be ascribed to the differential galactic rotation only. One may suggest 
that, in several cases. we have here some special effect of certain features in the 


dynamics of galaxies 
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The Problem of Hagen’s Clouds 


FRIEDRICH BECKER and J. MEURERS 


Universitats-Sternwarte, Bonn. Germany 


|. HisToRICAL 


[Ix the years between 1920 and 1930 J. G. HAGEN published a series of papers on 
“cosmic clouds’ observed by him with the visual refractor at the Vatican Observa 
tory (HAGEN, 1928). He found that the sky background appeared in many places to 
be covered by a more or less dense grey obscuration, the intensity of which he was 
able to estimate in a scale of five steps. The step | represents completely black back 
ground, step 5 the strongest grey obscuration. HaGEN was convinced from the 
beginning that he was dealing here with interstellar matter, and his conclusion was 
strengthened by the fact that he was able to observe a considerable number of 
regions of low star density in the Milky Way; he assigned to them steps 4 and 5. 
He showed further that the fifty-two nebular regions described by W. HERSCHEL 
were identical with the effect that he had observed. HaGen’s *‘Durchmusterung’’ of 
1931, covering the Northern sky from the pole to 20° declination, provides a 
general survey of the spherical distribution of these cosmic clouds. It shows clearly 
that the effect is closely related to the galactic plane. In the central belt, some 15 
in width, steps | and 2 of the scale predominate; apart from local fields this zone 
is free from cosmic clouds. The central belt borders on each side on zones in which 
steps 2-3 and 3 mainly appear. Then follows zones with steps estimated at 3-4 and 
+, and in higher galactic latitudes practically only steps 4-5 and 5 appear; the 
obscuration has its greatest density in these regions. 

The spherical distribution of HaGEN’s cosmic clouds is thus exactly contrary 
to that of interstellar matter, as derived from the absorption of the light coming 
from extragalactic nebulae. For this reason the reality of HAGEN’s clouds was 
regarded with scepticism from various quarters. This scepticism was re-enforced 
by the fact that all attempts to photograph the cosmic clouds which had been visible 


to the eye were unsuccessful (BECKER, 1930). On the other hand, it could not be 


denied that an observable effect was being dealt with. One of us later independently 
repeated a small part of HAGEN’s Durchmusterung and obtained good agreement with 
HAGEN’S earlier estimates (BECKER, 1934). HAGEN’s observations have also been 
confirmed by other observers. 

One was thus faced with the dilemma of a relatively easily observable effect which 
could not be demonstrated photographically, and of a distribution of cosmic matter 
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deduced by HaGeEN with a concentration in the very regions of the sky which may be 
regarded as free from interstellar matter in consequence of all other observational 
data. One solution seemed to be offered by the possibility that HAGEN’s observations 
were due to an effect in physiological optics, and did not correspond to any real 
objects. However, since this possibility had not been demonstrated, and since no 
alternative suggestions for the interpretation of the effect had been put forward, 
discussion of HAGEN’s observations has been silenced for a long time without any 
solution of the problem having been reached. We shall now describe an investigation 
carried out by us at the Bonn Observatory and designed to throw some new light 


on the phenomenon 


2. THE ARTIFICIAL SKY 

n a discussion of possible sources of error in HAGEN’S estimates (BECKER, 1925) 
it was pointed out that contrast effects could influence the observations in the 
sense that the sky background in regions of high star density appears blacker to the 
eve in contrast with the bright point-images of stars than in regions of low star 
density. This fact would apparently provide an explanation of the connection be 
tween the estimates and the valactic latitude and also of the appearance ot single 
cosmic clouds” in regions of low star density. 

The most suitable means of testing whether such an effect can actually occul 


1 


ippear to be an artificial sky with a uniform background but variable star density. 
When in his investigations of star chains one of us succeeded in producing by means 
of a spray-technique artificial star fields which were hardly distinguishable from 
natural ones (MEURERS, 1949), the idea naturally arose of applying the same method 
to an experimental test of the HaGEN effect. Several star fields of various densities 
und configurations were produced and photographed on large plates in such a way 
that the stars ippeared is bright dots on a background of uniform blackness. If 
such a plate is illuminated from the back and observed from the front with a telescope 
in a dark room in the absence of stray light, the field of view consists of an artificial 
star field practically indistinguishable from the natural sky. The telescope used 
was a theodolite of 3 cm aperture set up some metres away from the plate. 

In this way. in all seven fields with various stellar populations were examined. 
Field I, which was the first to be produced, showed a gradual variation from high 
to low star densities. It proved unsuitable, however, since it was much too densely 
populated with stars: in the regions ot highest star density the background Was 
barely recognisable Therefore a second field (I] Was produced on which the 
highest star density was of about the same order as the lowest in Field I. This 
Field If also had a continuous transition from a higher to a lower star density. 
The difference between the effective integrated brightnesses in the densest and in the 
least dense regions of the plate was some four magnitudes. On this plate both of us 
quite independently immediately observed the effect described by HaGen. The 
uniform plate-background appears to be darker in the regions of higher star density 
on the plate than in those of lower density. As far as one of us (F. BECKER) can 
remember iro Il his experiences some twenty vear's avo, this observed difference 
corresponds to about 2-3 steps in HAGEN’s scale. The same field was reproduced on 
a plate with a background of lower blackening, i.e. of higher transparency. The 
brightening of the background caused the effect to disappear; however, it reappeared 
when the illumination of the plate was reduced. 


Field IIT represented a uniform distribution of stars; no differences in the blacken 
ing of the background were visible. The star density in certain regions was then 
reduced by the removal of stars with Indian ink. HaGen’s effect at once became 
clearly visible when the telescope was turned from the regions of high star density 
to those of lower density ,and vice versa. The background in the high density regions 
in this case appeared just as black as the perfectly Opaque ink spots. The small 
background brightness was thus rendered completely invisible by the contrast 

Further experiments were made with another plate (V) which was uniformly 
populated with stars. but had a background of variable blackness. As soon 


uniform distribution of stars was changed into a non-uniform distribution 


BRIGHTNESS 


TOTAL 


covering some stars with ink. contrast effects ippeared and indeed were so power! l 
that the real, although small, differences in brightness were concealed 

In any case the general result of these experiments is as follows: that physiological 
contrast effects depending on the distribution of stars on the celestial sphere are able 
to produce a spurious variation in the appearance of the sky background from 


intense black to dull grey. 


3. SUPPLEMENTARY INVESTIGATIONS USING THE B.D. AND THE CARTE DU CIEL 


It seemed desirable to supplement these experiments with a more detailed investiga 
tion of the connection between HAGEN’s step estimates and the distribution of 
stars. For this purpose the area between IS" and 20" right ascension and between 

2° and 20 declination was chosen. All| the steps ol HAGEN’S seale occur in this 
area, Which also covers the part of the Durchmusterung that was repeated by one of 
us (F. Becker): the estimates are thus confirmed by the agreement between two 
observers. The stars listed in the Bonner Durchmusterung for each square degree of 
this region were counted and the total brightness per square degree was calculated 
and expressed in magnitudes (0-01 of the brightness of a star of the first magnitude 
being taken as unit). These total brightnesses per square degree are shown as ordi 


nates in Fig. 1: the abscissae are the numbers of stars in each area (above), and the 


step on the density scale of the clouds as estim ited by H AGEN (below ). As expected 


the points lie on a band, the inclination of which to the x axis shows the increasing 


obscuration of the sky background with decreasing star density. For the fainter 
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stars down to 13™ (the limiting magnitude of the refractor used by HaGEn) the 


Carte du Ciel was used as far as available. These stars show a relation between 
the star distribution and step estimates of the sky background similar to that of the 
Durchmusterung stars. 

The points in the diagrams show a high degree of scatter. It is possible to draw a 
band parallel to the x-axis, 0-5 units of the ordinate in width, which contains areas of 
equal total brightness for the stars counted in all five steps of HAGEN’s scale. 

The same diagram is obtained if, instead of the total brightness, the number of 
stars seen in the field of view is related to HAGEN’s estimates. For the BD stars we 


have then the following relation: 


Table 1 
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The correlation is clearly marked, but the scatter of the points is appreciable in 
this arrangement also. All of HAGEN’s steps occur in a band parallel to the x-axis, 


running between seventeen and twenty-two stars. 


Part of this strong scatter is probably caused by the inevitable uncertainty which 


arises in any scale of visual estimates. It is likely that atmospheric and other 


influences have an effect on these estimates: for example, HAGEN himself once 


pointed out that in his telescope the Zodiacal Light had the same appearance as a 


sky background of intensity 4 or 5. 


4. RESULTS 


The results mentioned in Sections 2 and 3 provide the following interpretation of 


HAGEN’S observations: it seems possible to attribute the general result of HAGEN’s 


Durchmusterung, namely the variation in the estimate of the sky background with 


galactic latitude, to a contrast effect. This would mean that the background is really 


on the average covered with a grey obscuration of intensity corresponding to the 


higher steps of HAGEN’S scale. The gradual disappearance of this obscuration and the 


blackening of the sky background in the neighbourhood of the galactic equator would 


then not be real, but would be caused by contrast effects due to the increasing star 


density. 


The faint emission of the sky is, as is well known, chiefly due to terrestrial causes, 


and has been examined in detail by vAN RuHIJN (1921) and others, and has also been 


analysed spectroscopically by various authors. The possibility that the solar 


system is surrounded by a local cloud of interstellar matter weakly illuminated by 


stars or by the Sun itself, will only be mentioned here. 


On the other hand, the strong scatter of relation shown in Fig. | indicates that 


HAGEN’S observations cannot entirely be attributed to contrast effects. Even though 
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the causes mentioned above may explain some of this scatter, there remain some 


fields in which HAGEN saw strong obscuration in spite of a high star density. We 


have found thirty-six such fields in the Ross-Calvert Atlas of the Milky Way: they 


are all situated outside the galactic star clouds, but show no further relation with 
other phenomena. 
Fields of low star density in which the sky background has been estimate 
| or 2 (i.e. very black) are completely inexplicable by contrast effects. 
Furthermore, BARNARD’S observations of “dark objects” in the Milky Way contra 
dict the explanation based on contrast. Plates with objects of this kind also were 
produced in our experiments described in Section 2. Seeu in the telescope these 
objects appeared light grey when they completely filled the field of view, but were 
perfectly black as soon as the surrounding star field became visible. HAGEN, on the 
other hand, estimated all these objects at 4 or 5 on his scale, i.e. grey, even when they 
were smaller than the field of view of his refractor. It may be noted that HAGEN’s 


observations certainly correspond to real cosmic clouds in the case of these “‘dark 


objects”. Why such objects can be seen but not photographed remains an open 


question. 

However, the experimental investigation described here indicates that the increase 
in the abundance of cosmic matter with increasing galactic latitude, which has not 
been confirmed by any other observational data, can probably be regarded as an 
optical illusion. But the contrast effects that have been demonstrated do not exclude 
the possibility that HaAaGEn’s observations relate to a real interstellar medium 


uniformly distributed over the whole sky. 
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INTERSTELLAR absorption of light is produced by the presence of interstellar matter 

of which two kinds are known: solid particles and the gaseous form. This paper 

deals on \ wit! solid mattel with which the author has been concerned throughout 
most of his work 

|. ABSORPTION 

to the path OT a light rav an obstacle went C.0..a particle 

largel than the wavelength ol hioht nthe path will be cut and 

ray will be totally absorbed by the particle. we put into the light emitted 

ra layer of dust of this constitution then a certain t of the light rays will 

‘absorbed, the brightness of the star—or its apparent intensity—will be dimmed in 

1 certain proportion. This proportion evidently will be the same for every spectral 

region, and if we express the absorption, like the intensity, in magnitudes, then the 


] 
{ 


total, or general, absorption coefficient will be the same for every spectral region: 
i.e. the magnitudes will be changed by the same amount, whether they are visual, 
photographic, photovisual, photo-electric, efc. Tl means that total absorption 
does not change the colour index, as it does not change the spectrum. There is a 


difference however. when the particles become smaller or eq | t he wavelength 


Then it happens that the components of the light with longe wavelength. Le. the 


red region, will sneak around the corners of the particles by diffraction, while the 
components of shorter wavelength will be absorbed Th proportion il amount of 
dimming will not be the same fo1 every spectral region the blue part will be abs bed 
more strongly than the red: the colour of the star will appear re ldened. Expressed 
In magnitudes the photog iphic absorption coetticient will become large than the 
photovisual one and the colour index will increase on account of this “selective” 
absorption. The selective absorption coefticient—the difference between the photo 
graphic and photovisual absorption coefficients—is a measure of this absorption. 
The difference between the apparent reddened) and the true colour index of a star 
is called its colour excess, and this is equal to the product of the distance of the star 


(in kiloparsecs) and the selective absorption coefficient of the region 


2. HISTORY 


astronomer to mention galactic absorption ot light Was probably OLBERS 


1840): see note in NEWCOMB-ENGELMANN, 1922, p. 740 Assuming an 
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infinite number of stars throughout an infinite space we should find the whole sky 
luminous; but this is evidently not true. This indicates the intervention of some light 
absorption. The next step on an observational basis was taken by F. G. W. StRUVE 
(1848), then Director of the Poulkovo Observatory, when he deduced from the 
difference between computed and observed numbers of stars of different magnitudes 
the influence of absorbing matter. However, his assumption of uniform star fre 
quency throughout the Galaxy, like OLBERS’ assumption, is now known to be incor 
rect. After a period of almost sixty years HARTMANN (1904) discovered in the spec 
trum of the spectroscopic binary 0 Orionis the presence of the so-called “‘stationary 
lines’, which did not coincide with the oscillating lines of the spectrum and were 
suggested by EDDINGTON to be due to the influence of interstellar gas clouds. It 
took another eight years before SLIPHER (1912) detected clouds of solid particles 
reflecting the light of nearby stars; he called them “reflection nebulae’. In the 
following years a number of observers tried to establish the conditions of interstellar 
absorption by investigating its effects on distant objects, such as globular clusters 
and extragalactic nebulae. The results were negligible because these objects are 
visible mostly in higher galactic latitudes, where the influence of interstellar matter 
is negligible. Only when TRUMPLER (1930) had clearly established the presence of 
this matter and its properties did vAN DE Kamp (1932), SHAPLEY (1933), HUBBLE 
(1934), and others, arrive at positive results with extragalactic objects. 


3. METHODS 


TRUMPLER started from a collection of 100 galactic clusters, each containing a 
number of bright stars whose spectra—and thus absolute magnitude and true colour 
index—were known. The mean difference between apparent and absolute magni 
tudes (m M) determined the observational values of the cluster distances. The 
accuracy of these results, however, appeared “uneven” and TRUMPLER therefore 
endeavoured to establish the distances by a careful investigation of the linear dia 
meters, derived from the observed angular diameters. Having then arranged the 
clusters in order of increasing distance he found the linear diameters of the most 
distant clusters to be about twice as large as those of the nearest clusters. Among 
several systematic influences only one was considered to be able to give a satisfac 
tory explanation, namely, the general absorption of light, which increases the 
observed value of the apparent magnitude and, consequently, of the distance and the 
corresponding linear diameter. TRUMPLER proceeded to take into account also 
selective absorption and found the colour excess generally to increase with distance. 

The presence of absorbing matter is sometimes also indicated by the background 
densities near the open clusters (ALTER, 1941la). A comparison of the colour excesses 
of fifteen of ZuG’s clusters (1933) with the background densities of these clusters in 
tAAB'S survey (1922) shows a large scatter. If, however, we take into account 


GREENSTEIN S paper (1936) on the absorption in this region and two papers by 


KLAUDER and SIEDENTOPE (1938, 1939) there is statically a decrease in the density 
with increasing colour excess (see, however, also STEBBINS, HUFFER, and WHITFORD, 
1939, where for a certain region a general relation between background density and 
distance is found). 

Another indication of absorbing matter is given by the range of the distance moduli 
(m M) of clusters, if we use only the observed colour indices of the cluster stars, 
a method used by the author (ALTER, 194la, 1941b, 1943a, 1944a). This range is 
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produced by the mean error of the colour index, expressed in .W, and by the natural 
scatter of absolute magnitudes (about + 0™5). Fig. 1, representing the relation 
between the true colour index and absolute magnitude (ALTER, 1943b), shows 
learly that the range is also dependent on the value of the true colour index itself. 
\ssuming, for instance, 0™15 to be the mean error of the colour index, then the range 
in .W would be about 4™6 for a colour index of 0™20, and only 2™8 for a colour 
index of 0™40. This is true for unobscured clusters. Suppose we now observe a 
cluster of mean true colour index 0™20 through absorbing matter which produces, 
for instance. a colour excess of 0™60. Then the normal range of 4™6 (for a mean 
error of + 015) will be preserved, but it will apparently relate to an observed mean 


colour index of 0™40, for which a range of 2™8 would be expected. Such a variance 
between the expected and the observed (m M) range indicates the presence of a 
colour excess, and its value can be estimated. 

Joy (1939) and CamM (1944) investigated the effect of interstellar absorption on the 
differential galactic rotation of Cepheids, WiLson (1940) derived the influence of 
absorption from 2956 various sources (interstellar lines, early type stars, c-stars, 
Cepheids). BERMAN (1937) and PARENAGO (1946) arrived at a similar result by 
investigating planetary nebulae: see also the previous discussion by VORONTSO\ 
VELYAMINOV (1934, 1939). ALTER (1949) developed a method of deriving the 
selective absorption coefficient and the ratio f between total and selective absorption, 
using a set of colour excesses and apparent magnitudes. He applied it to a catalogue 
of B-type stars, which STEBBINS, HUFFER, and WHITFORD (1939, 1940a, 1940b, 1941) 
had used f » the determination of the selective absorption coefficient. He compared 
his results with those of extensive investigations of absorption in different galactic 
regions by various authors and arrived at a weighted mean of 0™84 + 0™015 for the 
photographic absorption coefficient, and of 0™24 + 0™01 for the selective absorption 
coefficient—subject to an important provision: these values can be used only in 
questions relating to the galaxy as a statistical whole and cannot be applied reliably 


in individual regions where quite different conditions of absorption may prevail. This 


non-uniformity has been proved by a number of investigations of star counting. A 
paper on the cluster group in the Cassiopeia region (ALTER, 1944b) showed that there 
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is not only no appreciable continuous absorbing layer, but that the absorbing clouds 
might be composed of small scattered clouds of various obscuring power. Also OoRT 
(1946) pointed to the non-uniformity of both kinds of absorbing matter and STEBBINS, 
HvuFrrer, and WHITFORD came to the same conclusion. There seems to be, however, 
an apparent lack of absorption in the so-called ‘‘galactic windows”. 


$4, DISTRIBUTION AND CONSTITUTION 
The author tried in two papers to survey the general, statistical distribution of inter 
stellar dust along the galactic circle (ALTER, 1942, 1949). In the first paper he com 
pared the smoothed mean cluster distances of every 10° sector along the galactic 
circle with that of the diametrically opposite sector. The differences of these distances 


oO 
A300° 320 340 O 
B 120° 140° 160° 180° 
Fig. 2. Relation between galactic longitude and mean distance 
Abscissae: galactic longitude 
Ordinates: differences between the mean distances, A 


are represented in Fig. 2. The average cluster distance is about 1970 pses and the 
differences between the smoothed values amount to 190 pses at the maximum. This 


maximum points towards the region of the galactic centre. As an obvious explana 


tion (which, as will be seen presently, was not considered in sufficient detail) an 
increasing value of the absorption coefficient towards the centre was suggested. 
This would naturally increase the apparent distances and produce the observed 
differences. The asymmetry of the curve indicates an irregular accumulation of 
absorbing clouds, and some of the more conspicuous irregularities of the curve can 
be correlated with the positions of observed absorbing clouds. 

However, the second paper, aimed partly at the same object and using STEBBINS, 
HuFrer, and WHITFORD’S above-mentioned B-type stars, produced a paradoxical 
result. The number of stars is large enough to permit a division into six regional 
groups corresponding generally to the irregularities of the curve (Fig. 2). The main 
results can be found in the following table: 


Mean Selective Photographic 
colour absorption | Ratio / absorption 
excess coefficient coefficient 


Star Mean 


Galactic gi > 
lactic longitude number distance 


"167 
104 
- 126 
152 
‘O78 
990 -O89 


797 +128 
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It is evident that the mean star distances in parsecs (column 3) decrease steadily 
from the centre (line 1) towards the anti-centre (line 5), in accordance with the 
above-mentioned cluster distances. A striking aspect, however, is the opposite 
tendency in column 7, namely, the steady increase of the photographic absorption 
coethcient from centre to anti-centre. though the selective absorption (column 5) 
ippears to be normally scattered, supporting STEBBINS and WHITFORD’S (1943) six 
colour photometry. Also the ratio f between the photographic and the selective 
ibsorption coefficient (column 6) is steadily increasing in the same sense, and if this is 
not accidental there must be a relation between f and some properties of the absorbing 
matter. This relation has been investigated theoretically (SCHONBERG and JUNG, 
1937; GREENSTEIN, 1937: STRUVE, 1938; SCHALEN, 1938, 1939) and in several 
observational papers (bibliography, see in BEALS, 1942). GREENSTELN (1937) tabu- 
lates a relation between the selective absorption coefficient and the ratio f for ice, 
silicates, black body, iron and nickel, taking into account the particle diameters 
and then frequency function. The opposite behay iour of distance and total absorp 
tion may then be satisfied by different particle sizes and mixtures of silicates, frozen 
gases, and total reflectors with metals and carbons. (The equivalence of iron and 
carbon was proved by BaabpE and Minkowski! (1937).) The anti-centre region would 
be marked by a certain abundance of metallic and carbon particles, compared with 
the central region where a preponderance of smallet particles would be expected and 
non-metallic matter would prevail. Such a chemical distribution is also indicated 
by the “Dearborn Survey of Faint Red Stars” (LEE, BaLDwinx, HAMLIN, KINNAIRD, 
1940; Lee, Barrett, 1944), which established relatively high concentration of 
carbon stars in the anti-centre region. Yet. in spite of the above-mentioned spatial 
qualities of the absorption, the mean colour excess in the central region is twice that 
of the opposite region (on account of the double mean distance), thus confirming 
STEBBINS, HUFFER, and WHITFORD’S result that more of the reddest stars are toward 
the centre than toward the anti-centre. 

Another result vielded by this investigation indicates that the absorption is not 
necessarily proportional to 4~'. The index | is valid only for metals, while its 
value decreases down to + (Rayleigh-term) for non-metals. Since f characterizes 
the absorbing conditions we can derive the required index from it. The mean value 
for our Galaxy, | 3-5. results in |-7 as the exponent of the wavelength, and it is 
interesting to note that LINDBLAD (1942) estimated the value of this quantity for the 
spiral nebula N.G.C. 7331 as between 1-2 and 2-4 


5. STELLAR STATISTICS 


Absorption also has an effect on stellar statistics. The spatial distribution of stars 
is differently affected by absorption for different spectral types, or true colour 
indices, if we use observed colour indices, instead of spectral types, for distance 
determinations. However, this extension of the customary methods, which are 
restricted by the limits of observable absolute magnitudes or proper motions, to a 
method using observed colour indices (available for nearly all the stars on the photo 
graphic plates concerned) demands a transformation of the fundamental equations 
(the luminosity function and the density function), taking into account the absorp 
tion. ALTER (1943b) developed the necessary factors for this transformation and 
provided a method of comparing the theoretical with the observed values. He 


employs for this purpose Bok’s numerical method (Bok, 1937) in using two (m, WM) 
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tables, into one of which the observed values are being entered, while the other one is 
completed by the insertion of the values computed according to the theoretical 
formulae. Differences between the entries of the two tables will indicate where the 
assumptions concerning the absorption may be wrong. Systematic differences may 
show whether there is a systematic change in the luminosity function or whether the 
assumed conditions of absorption have to be altered. At present, tables are being 
prepared to adapt the transformation factors to applications in practical work. 


6. FuTURE RESEARCH 


There are several fields in which future research will be helpful. First of all, it will be 


important to extend the investigations to the neglected southern part of the Milky 


Way in order to complete a general, rough survey of the absorption conditions 
throughout our Galaxy. Further progress will be made when the number of regions 
investigated around the galactic circle steadily increases to cover the system as 
densely as possible. Special care should be taken of the “‘galactic windows’’, which 
might provide information about some uniform stratum of absorbing matter. It 
would also be interesting to know the index defining the proportionality of the 
absorption to the wavelength in other spiral nebulae, as already indicated by 
LINDBLAD. And, finally, the application of the method mentioned in the preceding 
section should considerably extend the depths to which stellar statistics may be 


carried. 
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Interstellar Polarization 
W. A. HILTNER 


Yerkes Observatory, Williams Bay, Wisconsin, S.A 

s VLA 
In this chapter, the observational aspects of polarization of radiation of interstellar origin is discussed 
g ts that the observed polarization is of interstellar origin are presented. The change with 
ngitude of the haracter of the observed polarization is explained in terms of our present 
knowledge of galactic structure. Evidence is presented that a relationship exists between the observed 
ation and the visible obscuring materia \ new ratio of polarization to visual absorption is given: 
0-054 4 he strength of the magnetic field that aligns the particles is shown to have a field 
st! th of i 2 0-® gauss. The future aspects of observational polarization are briefly 


1. INTRODUCTION 
IN 1946, CHANDRASEKHAR, from a theoretical investigation of a stellar atmosphere 
in which electron scattering is the primary contributor to the opacity, predicted that 
the radiation from the limb of an early type star should be partially plane polarized 
with the plane of vibration at right angles to the meridian plane. The maximum 
computed effect is 0:25 magnitude an easily observed quantity if the limb of an 
() or early B type star were available for direct observation. The only opportunity 
for detecting and measuring radiation from the limb of a star rests with the eclipsing 
binaries. However, the radiation from the limb of the early type star will be mixed 
with radiation from the eclipsing star; thus reducing the polarization present in the 
observed radiation. In RY Persei, for example, with B4 and F5 components, the 
computed polarization is reduced to only 0-01 magnitudes. Some evidence, although 
not conclusive, has been obtained that the limb of the primary star in RY Persei is 
polarized (HILTNER, 1947). 

The number of eclipsing binaries in which the primary star is an O or B type star 
and the secondary component is late type, is indeed limited. However, electron 
scattering must be an important factor in the eclipses of three known binaries in 
which one component is a Wolf-Rayet star (see Kron and Gorpbon, 1943; also 
KopaL and M. B. SHapiLey, 1946). In 1948, observations were obtained showing 
that radiation from these stars was, indeed, polarized (HILTNER, 1949) and further 
that this polarization was not related to the eclipse; that is, the polarization was 
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constant at all phases of the binary system. Further observations showed that the 
observed polarization did not have an intrinsic association with the stars but must 
have an interstellar origin. 

In this chapter, the observational characteristics of this polarization will be 


discussed, 


2. OBSERVATIONAL METHODS 


Two general photo-electric techniques have been applied to the detection and 
measurement of polarization in stellar radiation. The two techniques, often referred 
to as the flicker method (see HALL and MIKESELL, 1950) and as the DC method (see 
HILTNER, 195la) differ primarily in the speed at which the analyser is rotated. In 
the former, the analyser is rotated rapidly, for example, 30 revolutions per second. In 
the latter method, the analyser remains in one position angle sufficiently long to 
obtain a measurement of intensity after which the analyser is rotated to another 
position angle. The two methods should give essentially identical results, since for 
the brighter stars the accuracy is limited by the seeing noise, and for the fainter stars 
the accuracy is limited by the shot noise of the photocathode current. In practice, 
however, the flicker method may be superior for detecting small polarization while 
the DC method is free of any random scale error and hence superior for stars with 
easily detected polarization, 0-015 magnitude or larger. Also, the DC method has the 
advantage of restricting the observations to only two position angles for which the 
position angle of the electric vector and the amount of polarization is most accurately 
determined. 

In measurements of polarization in stellar radiation the ratio of the intensity in one 
plane of vibration to the perpendicular plane is determined. Since seeing noise is 
coherent for all perpendicular planes of vibration for radiation from a single star, 
the above ratio remains unaffected by seeing noise. It follows, therefore, that when 
perpendicular planes of vibration are observed simultaneously the accuracy of the 
observation should be limited essentially by the shot noise of the photocathode 
current. An instrument in which the seeing noise is “compensated” consists of a 
Wollaston prism for separating the perpendicular planes of vibration and two 
moderately well-matched photocells (HILTNER, 1951b). Either the ratio of the 
photocell outputs is measured, or since the ratios are always near one, a differential 
amplifier may be employed for measuring the difference in the two photocell outputs. 


In practice, an accuracy of 0-00016 magnitude (probable error) has been obtained 


for a fourth magnitude star with an 82-in. reflector and an observational time of 
tmin. The flicker method can be used with the seeing removed by rotating the 
analyser at a higher frequency than that found in the seeing noise spectrum. 

The need for the highest accuracy in most measurements of stellar polarization 
cannot be over-emphasized. Often the quantity to be measured is only a few 
hundredths of a magnitude and not infrequently smaller than the precision of the 
instrument employed. Briefly, radiation from a star always has a magnitude and a 
colour, but it may or may not exhibit polarization. 

3. INTERSTELLAR ORIGIN OF POLARIZATION 
The evidence that has accumulated in the past five years leaves no question that the 
polarization, first observed in the radiation of Wolf-Rayet stars, is not associated 


with the individual stars but must have an interstellar origin. 
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(1) The polarization is correlated with other phenomena of known interstellar 
origin, such as interstellar absorption, intensity of the 24430 band, and the intensity 
of interstellar lines. The correlation is not one to one, however. For a star to exhibit 
polarization, for example, interstellar absorption is necessary but not a sufficient 
condition. The necessary conditions are given in a following section. 


Fig. 3. Reproduction of a section of the Ross-Calvert Atlas of the Milky Way. The same 
region as that of Fig. 2 is shown. Note the relationship between the larger polarization 
and the obscuring cloud 


(2) Polarization is found in the radiation of all types of stars, either single or 


multiple, early spectral type or late, main sequence or supergiants, intrinsic variables 


and non-variables, ete. 

(3) The maximum polarization is found in stars near the galactic plane and for 
stars with large interstellar absorption. Further, the plane of vibration of the observed 
polarization is associated with the plane of the Galaxy. 
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(4) A relationship exists between the observed polarization and visible obscuring 


clouds of interstellar dust. 


{. POLARIZATION AT DIFFERENT GALACTIC( LONGITUDES 

In Figs. | and 2, the polarization measurements are shown for galactic longitudes 44°5 
ind 90° respectively. These longitudes correspond to Cygnus and Cassiopeia. In 
these figures each line represents one star. The length of the line is proportional to 
its observed polarization and the position angle to the plane of vibration. The two 
figures are in great contrast. In Cassiopeia the planes of vibration are, to a first 
approximation, all parallel and parallel to the galactic plane. On the other hand, 
the planes of vibration in the Cygnus region are more or less random, and the 
magnitude of the polarization is significantly less. 

The above contrast is clearly illustrated also by the histograms in Figs. 4 and 5. 
In the first histogram, the position angles are plotted against the number of stars. 
In the Cassiopeia region, the position angles are clustered between 90° and 100°, with 
no planes of vibration outside the limits of 55—115°>. In Cy onus, however, no strong 
maximum exists at all and nearly all planes of vibration are represented. The second 
histogram shows the distribution of stars with the observed magnitude of polariza 
tion. Here, the Cygnus region gives a sharp maximum at 0-015—0-035 magnitude 
polarization with only a few stars with polarization greater than 0-065 magnitudes. 
The Cassiopeia region, on the other hand, gives a more uniform distribution with 
only a few stars with polarization less than 0-040 magnitudes. Note the two weak 
maxima, one at 0-055 magnitude and another at 0-115 magnitude. These two 
maxima may result from polarization within the arm in which the Sun is located 
and an outer arm at a distance of about 2 kiloparsecs. The highest polarization 
thus far observed is in Cassiopeia: a thirteenth magnitude OB star with a 
polarization of 0-183 magnitudes and a colour excess near one magnitude on the 
B-V system. 

The character of the histograms. especially the latter. is. of course. sensitive to 
the selection of stars. The selection of stars for the two regions were very similar: 
nearly all were early type stars, most of which were available in various published 
catalogues. In either case the limiting magnitude was approximately 13 photo 
graphically. The stars in Cygnus were, in general, more highly reddened than those in 
( asslopela. 

The two diagrams and the histograms discussed above can be interpreted in the 
following way. Assume that the polarization is produced by the presence of aligned 
elongated interstellar particles. It follows from an inspection of Fig. | that the 
alignment force such as a magnetic field acting on these elongated particles is in the 
galactic plane. Further, assume that the alignment force has an axis parallel, to a 
first approximation, to the spiral arms of the Galaxy. Now, the direction of Cassio 
peia is nearly perpendicular to the presently identified spiral arms (see MORGAN, 
WHITFORD, and CopE, 1953). The particles will, therefore, be aligned in all 
clouds except for small disturbances caused by the turbulent motions of the 
clouds. Hence, to a first approximation, the plane of vibration for all stars in 
Cassiopeia should be similar, and, furthermore, the amount of polarization should 
increase as the number of clouds traversed by the stellar radiation increases. This 


is observed. 


VC 
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In the direction of Cygnus, however, the line of sight is nearly parallel to the axis 
of the spiral arm in which the Sun is located. In other words, the line of sight is 
nearly parallel to the alignment force. If this were rigidly the case the scattering 
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Fig. 4. Histograms of the stars plotted in Figs and 2. The Cassiopeia region (top) shows 
a strong concentration for position angles 90° to 100°, while the Cygnus region (lower 
shows no preference e for any position angle 
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Fig. 5. Histograms of the stars plotted in Figs. 1 and 2. The differences in the amount 


of polarization in the two regions (Cassiopeia region above and Cygnus below) are very 
marked. In general, stars with similar spectral types and magnitudes were observed 
in the two regions 


would be isotropic and no polarization would be observed. However, as seen in 
Cassiopeia, the lines of force are not strictly parallel and may show significant 
departures. Because of these departures from parallelism, the effective force, as 
seen in projection, may occupy any position angle. Consequently, interstellar 
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particles in Cygnus may be effectively aligned in any position angle with only small 
departures from parallelism of the alignment force. The particles, although they 
may be well aligned by the acting force are poorly aligned for producing polarization 
as seen from the solar system. This effect must, in part, account for the generally 
small polaiizations observed in Cygnus. 

A second phenomenon may also be operative in Cygnus, and to a much lesser 
extent, in Cassiopeia. If radiation from a star traverses more than one cloud, the 
polarization by the first cloud may be modified, in both magnitude and_ position 
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angle, by successive clouds. The modification of the polarization will depend upon 
the relative alignment and the number of particles in the two or more clouds. This 
phenomenon, although probably operating, especially in Cygnus, is difficult to 
separate from other phenomena that contribute toward a small polarization per unit 
of absorption. Stars have been observed in Cygnus with visual interstellar absorp 
tions over five magnitudes but with polarization less than 0-010 magnitude. This 
should be compared with the value determined on page 1090. 

The necessary conditions for radiation from a star to show interstellar polarization 
now become obvious. First, interstellar absorption must be present and second, 
when integrated along the line of sight the alignment of the elongated interstellar 


particles must show a net asymmetry. 


POLARIZATION TO OBSCURING CLOUDS 


5. RELATIONSHIP OF 
Fig. 3 is a reproduction of a section of the Ross-Calvert Atlas of the Milky Way. 


The area reproduced is identical to that of Fig. 2 in which the observed polarization 
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in the Cygnus region are plotted. An obscuring cloud (part of the Great Rift) is in 
evidence in the lower half of the photograph and also to the left. The bright star to 
the left of centre is y Cygni. When this photograph is compared with the plot of 
the polarization, it is evident that the stars with the higher polarizations are all 


Fig. 7. Reproduction of the Ross-Calvert Atlas of the Milky Way. The same region as 
The relation between the obscured cloud and the large polarization is 


in Fig. 6 is shown. 


very apparent 


located in the obscured area and that only small polarizations are found in the 
relatively clear area. An equally striking example is seen in Figs. 6 and 7. This 
area. with a mean longitude of 328°5 and a latitude of 2°5, again shows a strong 
relationship between the polarization and the obscured area on the right half of the 
photograph. In the obscured area the polarization is high with an observed maxi- 
mum of 0-144 magnitude. The stars with high polarization have an absorption of 


approximately 3-0 magnitudes in the visual region and a distance modulus of 12-4 
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magnitudes or 3 kiloparsecs. Stars in the transparent region all show small polariza- 
tion—of the order of 0-040 magnitude. The absorption is appreciably less—-about 
1-8 magnitudes for stars with a distance perhaps as great as 5 kiloparsecs. 


6. POLARIZATION WITHIN A CLUSTER 
If the polarization under discussion is a result of non-isotropic scattering by inter- 
stellar dust, the polarization of the individual components of multiple stars and star 
clusters should show the same polarization, in amount as well as position angle. 
In general, this is observed. For example, the observed magnitude and position 
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Fig. 8. Polarization versus colour excess for the cluster M29 


angle for the polarization of the components of BD 55-2770 are 0-067 and 0-066 
magnitude and 60°2 and 60°4, respectively, well within the errors of observations. 
There are a few examples, especially 6 Monocerotis (MARKOWITZ and HALL, 1951), 
in which the polarization does not appear to be identical. Component A of this system 
is polarized by 0-03 magnitude, while B and C, measured together, have only 0-01 
magnitude or less. There appear to be only two possible explanations for this 


exception. Either there is a sharp boundary in the obscuring material or polarization 


is introduced within the neighbourhood of the stars. 

Most star clusters thus far observed appear to have nearly the same polarization 
for all members—h and 7 Persei and NGC 1502 are examples. However, the small 
cluster M29 in Cygnus is a notable exception. This cluster of early type stars, only 
5 min of arc in diameter, is highly obscured. The average visual absorption is approxi- 
mately 3-3 magnitudes. The polarization of the brighter members vary from 
0-012—0-039 magnitude—in a more or less random way with respect to position 
within the cluster. (See also MoRGAN and Harris, this volume, p. 1124.) 

The position angle of the planes of vibration is similar for all stars, although the 
position angle shows some increase with increasing galactic longitude. When the 
polarization is plotted with the colour excesses a remarkably good correlation is 
obtained. See Fig. 8. It appears obvious to conclude, theretore, that the same 
material that introduces a variation in colour excess of the cluster members also 
produces the variation in polarization. It is not possible to make a definite conclusion 
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whether the dust is associated with the cluster (but this is more probable) or is 
located somewhere in front of the cluster. If the former is accepted, it follows that 
the density of interstellar dust is approximately 10° greater in this cluster than the 
mean for the Galaxy. 

To the north of M29 is an association of O and B stars with heavy obscuration, 
over 5 magnitudes in the visual (see JOHNSON and MorGan, 1954: Hintner, 1954). 
This association, only 30 min in diameter or a linear dimension of 13 parsees for a 
distance of 1-5 kiloparsecs, shows the most pronounced variation in polarization 
for any group of associated stars. For example, one star is polarized by 0-130 
magnitude, another by 0-008 magnitude, and still another by 0-075 magnitude, but 
with its plane of vibration almost perpendicular to the first. The observed colour 
excesses of these three stars are very similar, differing by only 0-17 magnitude. 
Obviously, this cannot be interpreted by polarization and depolarization by clouds 
with different alignment of particles, but rather that the radiation has passed through 
the same cloud or clouds in which the direction of the alignment force is variable. 


7. POLARIZATION VERSUS ABSORPTION 
The quantity of greatest interest in any theoretical discussion of the polarization by 
interstellar grains is that relating the amount of polarization to the interstellar 
absorption or reddening. This quantity is difficult to evaluate since, as stated earlier, 
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Fig. 9. Polarization versus colour excess for the assiopeia region. A line with a slope 


equal to 0-18 has been drawn to correspond to eptable observed maximum for the 


ratio of polarization to colour excess 


a unique correlation between the two quantities does not exist. Since interstellar 
absorption is a necessary but not sufficient condition for polarization, the observed 
value for the relationship will be smaller than the true one. The effects of depolariza- 
tion by successive clouds, the possible absence of an alionment force in some clouds 
and the possible absence of elongated particles in others cannot be accounted for. 
Since the planes of vibration are similar for all stars in the general region of Cassiopeia, 
and, therefore, the effective alignment of the particles is near a maximum and any 


depolarization is at a minimum, this area may be expected to and does give the 
In Fig. 9 is a plot of stars with known 


highest ratio of polarization to absorption. 
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polarization and colour excesses. The mean value is near 0-13 for the ratio of 
polarization to colour excess on the B-V system or, a polarization of 0-04 magnitude 
pel magnitude of visual absorption. Because one or more of the above factors may be 
operati, - in reducing the amount of observed polarization, the upper envelope of the 
plotted points should more nearly represent an upper value for theoretical investiga 


tions. A line with a slope of 0-18 is drawn. It corresponds to 


yp 0-0544 


where p is the polarization and A, is the visual interstellar absorption. 


The star with the highest polarization (0-183 magnitude) is in Cassiopeia. Its 
colour has been observed as well as its polarization. If the spectral class is assumed to 
be . the ratio of the polarization to the absorption is 0-061, a value not greatly 


different from that above. 


S. STRENGTH OF THE MAGNETIC FIELD 


It has been shown by Davis (1951) and by CHANDRASEKHAR and FERMI (1953) that 
the strength of the magnetic field, which is assumed to be the alignment force, can be 
determined directly from the departure from parallelism of the planes of vibration for 
individual stars. This departure from parallelism arises from the turbulent motion 
the polarizing cloud to which the magnetic field is attached. A full discussion 
the chapter by Dr. Davis (Vistas in Astronomy an pp 300-44, 

\n analysis of the data shown in Fig. | will be g 
2-9 square degrees in are { Ly nn observed, all with 


region jua 


] high polary Oo ; nate ire / S$9-6—92-0 


ind 0 re | 2-4 The root-mean square de viation tor the observed planes of 


vibration is only 0-069 radians. CHANDRASEKHAR and FERMI have shown that 


where H is the magnetic field In} Gauss o is the density Or tn ] ised matter. v is the 
root-mean-square velocity of the turbulent motion, and z the t-mean-square of 
the planes ol vibration If the values adopted torp an { lQ-24 Gin pel em? 


10? cm per sec., respectively, it follows tha 
H 


the region under consideration. In a neighbouring area at / S7-4-89-0 and 
LO 1-2. twenty tour stars have been observed The root-mean square 


deviation for the planes of vibration is 0-14 radians. This corresponds to a field 


streneth ot 1-0 10-? gauss 


9, FuruRE ASPECTS 
Many observational problems still present themselves, and, no doubt, future problems 
in which measurements of interstellar polarization may contribute to galactic struc 
ture will be limited primarily by the imagination. At present, polarization measure 
ments provide the only access to the observational characteristics of the magnetic 
fields which must play an important role in the structure of the Galaxy. At some 
risk, however. a few of the problems that may prove significant are recorded 


here 
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(2) The variation in polarization with wavelength. To a first approximation 
polarization is independent of wavelength. In the infra-red, the polarization begins 
to decrease where at 48500 A the polarization has decreased by approximately 
20 per cent. 

(6) Polarization in extra-galactic nebulae. OHMAN has shown that observable 
polarization is present in the Andromeda Nebula. Now, with the available photo 


electric equipment and its higher accuracy, the original work should be extended. 


The absence or presence ot a magnetic field in the elliptical nebulae would be of great 


interest. However, these nebulae present a special problem because of the absence 
of dust. 

(c) Polarization versus absorption in the Cassiopeia and Perseus region. This 
will be of interest in order to determine whether some clouds are producing no 
polarization either because of the characteristics of the particles or no alignment 
force. 

(7) Polarization of nearby stars with high precision. This may enable an estimate 
of the strength of the magnetic field in which the solar system is submerged 

(e) Observation of double stars and especially star clusters in order to determine 
fine structure of the magnetic fields. 

(f) Observations of polarization, colour, magnitude, and spectral type of stars at 
all galactic longitudes. This will permit an establishment of the relationship of 
polarization with observable clouds of obscuration and opportunity to trace the 


magnetic lines of force in our galactic system 


Observational programmes, such as the one outlined above and others, will no 
doubt contribute significantly to our knowledge of galactic structure and the role 
that interstellar magnetic fields must play in the Galaxy, in its stability (see CHAN 
DRASEKHAR and FERMI, 1953b), and possibly in the origin of the cosmic radiation 
(see FERMI, 1954). 
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If it were not perhaps too early to hazard 
even a conjecture on the cause of this variation, 
[ should imagine it could hardly be accounted 
for otherwise than either by the interposition of 
a large body revolving around Algol, or some 
kind of motion of its own. 


JOHN GOODRICKE (18) in the Philo- 
sophical Transactions of the Royal Society, 


vol. 73, May 1783. 


*.).. Der Zusammenhang zwischen den Groéssen-, 
Formen- und Helligkeitsverhaltnissen der Kor 
per und den Elementen der elliptischen Bahn 
einerseits und der Lichtkurve andererseits ist 
aber ein so komplizierter, dass man _ eine 
allgemeine Theorie wohl kaum aufstellen kann 
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Monochromatic Magnitudes 
R. v. p. R. WooLuey 
Commonwealth Observatory. Mount Strombo. Canberra. Australia* 


SUMMARY 

The article discusses briefly the advantages of monochromatic magnitudes, and advocates a definition of 
monochromatic magnitude as the average over a bandwidth of order 100 A. The advantages of photo 
electric cells are compared with those of photographic plates. The article concludes with the hope that 
the standard of stellar magnitudes will change from the international sequence to a standard expressed 
in terms of the metre, kilogramme, and second. 


It might well be thought by physicists in general who are not astronomers that very 
little remains to be done in measuring the brightness of the stars—at all events, of 
the well-known stars. But it is only if one is content with a rather vague quantity, 
and only if one is prepared to tolerate errors of several per cent, if not worse, that one 
can feel at all satisfied with the published magnitudes of the stars. It is no doubt 
true of most physical measurements, that some use, perhaps great use, can be made 
of them even if they are not very precise, and from the theorists’ point of view it may 
seem that those who wish to press further with refinements in measurement are 
deliberately stepping aside from the main path of progress in physics: but the 
labours of those who strive after extra precision are often rewarded by their leading 
to progress in theory, even if the improvements in measurement were undertaken 
purely as ends in themselves. 

The present state of our knowledge of stellar magnitudes and colours illustrates 
these general remarks. A generation ago, photographic magnitudes were the best 
available. They commonly carried systematic and random errors which would be 
considered unsatisfactory to-day, and their precise meaning was not completely 
clear. The colours of the stars were given by the “‘colour index” which can nowadays 
be considerably bettered. Yet in the hands of the theorists of a generation ago, the 


photographic magnitudes and colour indices were good enough to establish the 


Mass Luminosity law, and so lay the basis for the theory of the Internal Constitution 
of the Stars, and they were also used to extend our survey of the galaxy beyond the 
limits imposed by the impossibility of measuring trigonometrical parallaxes below a 
certain limit. It is still too early to say whether improvements in measurements of 
magnitudes and colour which are now certainly possible will yield comparable 
results, but it is already clear that the notion that stars radiate like black bodies has 
had its day, and that the departures which improved measurements of stellar energy 
curve show will lead to better appreciation of the physics of stellar atmospheres. 
Again, revisions of stellar magnitudes of very faint objects and determinations of 
reddening, and with it obscuration by galactic dust, will give better distances of the 
remoter objects in the Universe. 

It is not easy to measure quantity of light with very great precision at the best of 
times, and if the measuring apparatus, the human eye or the photographic plate, 


* Now Astronomer Royal, Royal Greenwich Observatory, Herstmonceux, Sussex. 


1095 


1096 Monochromatic magnitudes 


is receptive to a considerable range of wavelengths, difficulties are introduced by 
the colour of the object. The use of the photoelectric cell has greatly increased the 
accuracy with which measurements of light intensity can be reproduced, but if 
the objects to be compared have different colours, the unaided photoelectric cell, 
though repeating perhaps to one part in a thousand its responses, does nothing to sort 
out colour effects. Accordingly, two series of measurements of differently coloured 
objects, taken with different photocells, or with similar photocells receiving light 
through different telescopes, will not in general show as much agreement with each 
other as the internal consistency of either series might lead one to expect. It is clear 
that isolation of a relatively narrow band of wavelengths greatly increase the pre- 
cision to be expected, and it is now quite commonly accepted, that if consistency 
between one series of observations to another is sought, the ideal to be aimed at is 
the monochromatic magnitude. 

Opinion may still differ on how narrow a range of wavelengths should be accepted. 
The mathematicai idea of the limiting intensity per unit wavelength range as the 
range tends to zero is objectionable on several counts. To begin with, there may be 
considerable difficulty in narrowing the range: a slit spectrograph cannot be used, 
as the fraction of the starlight passed by the first slit is very uncertain, and slitless 
spectrographs do not give high resolution. Filters, of course, give far less. Then 
again in many cases the amount of starlight available is so small that it is impossible 
to secure a satisfactory measurement if only a small spectral range is accepted. But 
there is an objection of another kind, introduced by the possible presence of absorp- 
tion lines. A particular wavelength may be affected by one or more absorption lines 
in its neighbourhood, and variations in the strengths of these lines from one star to 
another may produce objectionable effects in strictly monochromatic magnitudes 
which would be greatly reduced if the average intensity over a moderate range of 
wavelengths were measured. Looking at the matter from the opposite point of view 
we may ask how wide a band may we accept without running into objectionable 
colour effects’ We may suppose that a spectral region can be chosen which is free 
from very strong absorption lines in all spectral classes. To fix our ideas, suppose 
that we can find a band of 100 A in which there is no absorption line greater than 
| A in equivalent width. Then if we displace the spectral region so as to just miss or 
just include an absorption line we shall only alter the intensity of the light received 
by 1 per cent, and so have a quantity which is stable as regards the presence or 
absence of any one line to this degree of accuracy. Some astronomers favour the idea 
of a continuous spectrum between the lines, and search for windows between the 
absorption lines through which this continuous spectrum may be seen, but to some, 
including the present writer, it seems preferable, and indeed necessary when faint 
stars are dealt with, to dismiss the continuous spectrum between the lines as an 
abstraction and to measure the amount of light that is actually presented in a band 
of wavelengths, keeping that band wide enough to water down the effect due to just 
accepting or missing a particular line. 

Disregarding the effects due to absorption lines there are still, of course, effects 
due to colour, and these will be more troublesome the greater the wavelength band 
accepted. But if the colour curves of the stars were linear (in intensity against wave- 
length) the average intensities in any band would be proportional to the intensities 
at the wavelength in the centre of the band. It is only curvature of the spectral 
energy curve which upsets this, and a little calculation shows that if only 1 per cent 
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accuracy is aimed at, at least 200 A may be safely admitted—even when comparing 


the reddest stars with the bluest.* 

Despite, then, the mathematical idea that the word monochromatic applied to a 
light intensity implies the use of a vanishingly small range of wavelengths, there may 
be considerable justification for retaining the word when a band of 100 A or 200 A 
is accepted. What is essential is that the apparatus should limit the band in some way 
which is independent of the colour of the star. If the band was limited by a filter with 
considerable wings of low intensity, this condition would not be fulfilled. 

We pass on to consider the relative merits of the photoelectric cell and the photo 
graphic plate in determining monochromatic magnitudes. The principal virtue of the 
cell is, of course, the accuracy with which it repeats its measurements. To this may 
be added the fact that with modern cells and modern amplifiers it is possible to obtain 
a very accurate linear relation between the light intensity and the photocurrent. A 
disadvantage of the photoelectric cell is, that it will not measure a field of objects at 
once: the stars must be somehow identified, and measured one by one. If a mistake 
in identification is made at the telescope, there is no means of checking the object 
later. A second disadvantage is that it is not easy to identify wavelengths if dispersion 
is used. On the other hand, the photographic plate is not comparable with the cell as 
an instrument of precision in measuring light intensity, and it suffers from the draw- 
back that there is certainly not a linear relation between photographic density and 
incident light intensity, and moreover for every exposure arrangements have to be 
made for determining the relation between the two. But the plate will measure 
a large number of objects at once, or a large number of wavelengths at once, and the 
identification of the objects or of the wavelength is not done at the telescope but in 
the measuring room, and can be checked as often as desired. 

The number of stars is so large that it is not possible for any generation of astro- 
nomers to measure the magnitude of each one of them with all the accuracy that is 
currently available: hence in laying out a programme of measurements of the 
magnitudes of a very large number of stars, attention must be paid to the amount of 
time consumed per star. This is a consideration which does not necessarily tell in 
favour of the photographic plate, which can only exploit its ability to do many 
objects at once if they happen to be close together, and which, even if in favourable 
cases it economizes telescope time, demands much more time spent in reduction than 
does the photoelectric cell. 

Generally speaking, the contemporary trend in astronomical measurement of light 
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In the practical range 4 6, #(z) has the following values 
0-5 1-0 1-5 2-0 3 4-0) 5-0 5°5 6-0 
b(z) 0-16 0-O1 0-17 0-30 0-41 0-26 0-22 0-58 1-038 


so that the error in assuming i(7 9, 20) i(zy) is less than 6*/2*, except just at the red and low temperature end of the range 
Accordingly if we are willing to accept an error of 1 per, cent, i.e. about one-hundredth of a magnitude, 6/z can be allowed 
to be 10 per cent, i.e. about 500 A on either side of 5000 A. Even if one-tenth of 1 per cent accuracy is desired 4/z can be as 
much as 3 per cent. For an error of 0-001m, the limits are 5157 A and 4853 A for a mean wavelength of 5000 A, etc. 


Monochromatic magnitudes 


intensity is undoubtedly towards the use of the photoelectric cell—so much so, that 
those who continue to advocate photographic determinations are on the defensive. 
There is, however, another contemporary trend in astronomy, which is towards the 
use of Schmidt telescopes. These have not yet been widely used in determinations 
of stellar magnitude, but they may very well offer a means whereby the photographic 
plate may exploit its characteristic virtues. A Schmidt telescope is, of course, com 
pletely unsuited for use with a photoelectric cell as now operated (but we must admit 
that scanning devices may ultimately be developed), whereas the photographic plate 
or film at or near the focus of a Schmidt telescope records a very large number of 
objects at once, and, if an objective prism is used, it records them monochromatically. 
It is possible that Schmidt plates may be widely used to determine large numbers of 
monochromatic magnitudes, using standard sequences on each Schmidt field that 
have been set up using photoelectric cells. 

Whatever the fate of the photographic plate in its effort to compete with the 
photoelectric cell as a measuring instrument, it is greatly to be hoped that the trend 
of modern astronomy is towards the use of monochromatic magnitudes, whether 
wide or narrow band, as distinct from the photographic and photovisual magnitudes 
now used. There is no doubt that the very large body of work already carried out and 
firmly linked to the international standards of photographic and photovisual magni 
tude imposes on astronomers the practical necessity of using the international magni 
tudes for many years to come. But the system in which stellar magnitudes are now 


expressed is fundamentally illogical: there cannot be two or more possibly irrecon- 


cileable standards of a physical quantity, and in the North Polar Sequence we have 


more than 200 standards of light intensity.* 


One may remark in parenthesis that 
they are forever unavailable to observers in the Southern Hemisphere. Doubtless 
the time is not yet ripe for the standard of stellar magnitude to be expressed in terms 
of the metre, the kilogram and the second, but if such a standard cannot be discerned 
at the end of the vista of astronomy regarding the future of determinations of stellar 
brightness—why, then, it ought to be! 
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SUMMARY 


The origin of the 1953 S System of standard magnitudes (which is set out in Cape Mimeograms Nos. 2, 3, 


and 4) is briefly deseribed. The available links of this system with the International System and with the 


| ‘ B, V Svstem of JOHNSON and MORGAN are then examine d, and it is found that the best linear relation 
ships are 
I Pg : r 0-OL SCI 0-05 
IP. 0-08 SCI 0-06 
I 0-11 
0-07 SCI 20) 


O-OS SCI 0-06 


Phe inadequacy of the North Polar Sequenc: 


pointed out, and some possible alternatives ar 


1. INTRODUCTION 


THE current photometric programmes at the Cape Observatory have grown out of an 
attempt to provide photographic and photovisual magnitudes for those stars whose 
positions and proper motions are being determined in the revision of the A.G. zones 
south of 30°. There are about 70,000 such stars and the majority of them have 
visual magnitudes between 7-0 and 10-0. 


At the start no great difficulty was anticipated with this project which was to be 


carried out photographically. It was intended that the scale should be obtained by 


means of coarse diffraction gratings, whilst the zero point and the colour system were 
to be taken from the nine Harvard Standard E Regions at 15°. These were the 
only standards then available with stars in the appropriate magnitude range and 
with magnitudes given in both colours. The necessary observations for the 12,500 
stars in the — 30° to — 35° zone were made on this plan, but the reductions had not 
proceeded very far before it was realized that the Harvard standard magnitudes were 
neither consistent from region to region nor individually as accurate as the measures 
they were being used to reduce. 

The results of an attempt to rationalize the Harvard system were published in 
1943-44 (Stroy, 1943, 1944: Sroy and Menzies, 1944). Cape magnitudes for stars 
in three clusters and along the path of Eros at its opposition in 1931 were also com- 
pared with corresponding magnitudes observed in the northern hemisphere. There 
was, however, so little agreement between the various series of northern observations 
that it was not possible to derive unambiguously the corrections needed to reduce 
the rationalized Harvard system to the international system. 

A discussion of this data by SEARES and JOYNER (1945) suggested that the Cape 
scale for the fainter stars might be in error, a suggestion which was supported by an 
examination of the spectral type—colour relationship for a large number of stars 
to which the 1943 system had been extended. It had been assumed that the observed 


1099 


1100 The Cape magnitudes and their relationship to the International System 


grating “constant” was a constant, but later experience has clearly shown that for 
in-focus images measured with a Schilt-type photometer, the observed grating “‘con- 
stant’ varies both with the size of the image (magnitude) and with the colour of the 
star. The use of diffraction gratings was abandoned after the observation of the 
30° to — 35° zone had been completed and the magnitudes of the stars in other zones 
have been determined by direct comparison with one or other of the nine E regions. 

A fresh attempt to provide reliable sequences in these regions was begun in 1944 
with the help of R. O. RepMAN, of the Radcliffe Observatory in Pretoria. A selection 
of suitable stars was made and various methods of setting up a scale by in-focus 
photometry were tried. The results were not entirely satisfactory and it was found 
that the scale could be more conveniently established by observing stars individually 
with a Fabry photometer. This work came to an end in 1947 when Dr. REDMAN 
returned to Cambridge. It has been summarized in a joint paper (MENZIES, REDMAN, 
Stroy, 1949). The resulting Southern or “‘S” system is incorporated in a Cape 
Mimeogram, circulated in 1948, which gives magnitudes for 467 stars, most of them 
between the seventh and eleventh magnitudes. 

During the compilation of the data for the S system, a photographic effect analogous 
to the Purkinje effect in visual photometry was noted for some of the in-focus series 
of magnitudes. An attempt to eliminate this effect was made with the help of what 
Fabry results were then available, but these were not sufficiently numerous for the pur 
pose. The 1948 results are not or" 0d enough to define a standard Ss) stem, especially how 
that the accuracy obtainable in routine photometry has been so greatly improved by 
the development of the Fabry method and the introduction of the photomultiplier cell. 

Precision photometry by the Fabry method was begun at the Cape Observatory 
in 1945, but it was not until 1947, when A. W. J. Cousins came to the observatory, 
that it was intensively applied to the problem of standard magnitudes. Photo 
electric photometry using an RCA 931 A cell was started in 1949. Its development 
and its application to standard magnitude work was greatly stimulated by the 
visit of J. B. IRwrn and A. N. Cox in 1950, 


2, THe 1953 S System 

By 1952 sufficient Fabry and photo-electric observations had been accumulated 
at Pretoria, Bloemfontein, and the Cape to justify the revision of the 1948 S system. 
This revision has now been completed and is available in mimeogram form. Magni 
tudes are available for 740 stars between the second and sixteenth magnitudes, 
though the system can, as yet, only be considered as reasonably well defined to the 
eleventh magnitude. Much work has still to be done before the system is completed 
to the limit of the 74-in. Radcliffe reflector. 

This new set of standard magnitudes is completely independent of in-focus photo 
metry and should be entirely free of any type of Purkinje effect. In other respects 
the new standards reproduce as far as possible the 1948 S system but with a change of 
0™07 in the zero point of the photographic magnitudes. This change in zero point 
was suggested by a comparison made in 1950 between the S and International systems, 
using the best data then available. 

The series of observations from which the 1953 S system has been built up are 
summarized in Table 1. The standard internal errors of all the major Cape series 
are under + 0701. The agreement between the various series is very satisfactory. 
As can be seen from the quantities given in the last two columns of Table 1, the 
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mutual external errors do not greatly exceed the internal errors. The relative zero 


points in the 1948 system depended on three series of in-focus intercomparison 


plates. Those for the 1953 system depend on a special series of photo-electric observa- 
tions made with the Cape astrographic refractor in 1952. It is believed that these 
observations established the relative zero points of the various E regions with a 
standard error of only + 07003 and transferred the zero point of the E regions as a 
whole to sequences of stars in the Pleiades, Hyades, and Praesepe with a standard 


error of + 07005. The maximum difference between the relative zero points of the 
1948 and 1953 systems does not exceed 0™02. 


Table 1. The observational basis of the 1953S system 


Magni 

stru- = Y: 

Instru Observe! Colour tude r Number 

ment of stars 
range 


Redman 
Cousins 
Cousins 
Cousins 
Stoy 
Cousins 
Stoy 


Photo-electric 
s 1949-50 } King 
1950 ; Irwin 


Cousins 
Cousins 


Cousins 


The Radcliffe 74-in. reflector at Pretoria 

4 12-in. mirror used on the mount of the 74-in 

The Harvard Rockefeller 60-in. reflector at Bloemfontein 

The 24-in. photographic and the 18-in. visual components of the Victoria telescope at the Cape 
13 The 13-in. photographically corrected astrographic refractor at the Cape 
eries of magnitudes were reduced to the S system by the application of simple colour and ze! 
Cl, where CI refers to the colour as observed in that 
y and 10 has been made to refer to SCI. In 
These two sets of measures include 


various observed s » point 
The colour correction was usually of the form « 
sake of easy comparison the factor given in columns 
corrections were used 


( 

The 
corrections only 
particular series. For the 
the case of the B magnitudes of Series 8 and 13 non-linear colour 
considerably more light to the violet of 3800 A than do the others 

The last two columns give, in units of 0'°01, the arithmetical mean of the residuals from the adopted magnitudes for those 
stars for which at least two other series of observations have been available for deriving the adopted magnitude. An estimate 
of the external standard error can be obtained by multiplying this quantity by 1:5 

Series 1 was made under very trying conditions. The aim was to observe as many stars as possible in order to check the 
systematic accuracy of Pv magnitudes measured on in-focus plates 

Series 2, 3, and 4 have been described by CovusINs in M.N., 110, 531, 1950 

Series 5 was intended to provide material by which a suspected Purkinje effect in in-focus Pg magnitudes could be detected 
and removed 

Series 6 was a short experimental programme to investigate the capabilities of the Fabry photometer for observing fainter stars 

Series 7 was observed simultaneously with Series 5. The observations are not as extensive as in 5 because the 1&8-in. lens was 


in England for the greater part of 1949, being repolished 

Series 8 has been described by Dr. KING in his Ph.D. thesis 

Series 9 was observed as an incidental programme by IRWIN and Cox during their South African visit. The accuracy of the 
observations varies considerably from region to region according to the conditions under which they were made. The extern: 
mean error given is an average for all the regions observed 

Series 10 was observed by the Cape staff using the Kirkwood photometer 

Series 11 was observed by EVANS and CHURMS using a photometer belonging to the Leiden Observatory rhe photometer 
was only available for two nights. 

Series 12 was observed with the Cape photo-electric photometer Mark | 

Series 13 was observed with the Cassegrain photo-electric photometer of the Radcliffe Observatory, which was built at Leiden 

Series 14 and 15 were observed with the Cape photo-electric photometer Mark 

Series 16 was observed with a photo-e lectric photometer belonging to the Washburn Observatory The blue magnitudes 


were not included in the means, 


ape magnitudes and their relationship to the International System 


3. COMPARISON WITH THE INTERNATIONAL SYSTEM 

The relationship of the 1953 S system to other standard systems is still being 
investigated. When the Cape photometric programme was begun nearly fifteen years 
ago, we shared the almost universal belief that the International System as defined 
by the magnitudes of stars in the North Polar Sequence was perfectly adequate for 
all practical purposes. We thought our work of standardization could be considered 
as complete as soon as we had reduced our magnitudes to this system. It is now 
recognized, however, that the International System, as so defined, is not completely 
satisfactory. Various attempts have been made to modify the 1922 definition to 
render it adequate for modern needs. One proposal, that of a group of American 
astronomers (JOHNSON and MorGan, 1951), is to adopt the SreBBINS, WHITFORD, 
and JOHNSON magnitudes for NPS 6, 2r, 10, 4r, 13, 8r, 16, 19, and 12r as defining the 
standard P, V system. Another proposal is the reeommendation by REDMAN (1952) 
in his report to the Rome Meeting of the I.A.U. that the 1922 magnitudes of the 
NPS stars brighter than 11-5 be replaced by a series of ‘interim’ magnitudes. 
These interim magnitudes are based on five series of modern observations and have 
been made to conform as closely as possible to the original magnitudes while retaining 
a normal Pogson scale. More recently, JOHNSON (1952a) has shown that the North 
Polar Sequence is ambiguous and has made proposals for a new standard system. 
These proposals will be considered later. 

Reference has been made to the unsuccessful attempt in 1943 to connect the Cape 
magnitudes with the International system. When R. O. REDMAN returned to the 
Cambridge Observatory in 1947, he undertook to use the Cape photometric cameras 
to observe magnitudes of stars in the twenty-four Kapteyn Selected Areas at L5 


by direct comparison with the North Polar Sequence. This work has now been com 


pleted (BEER, REDMAN, and Yates, 1954). The cameras have been returned to the 


Cape and are being used to observe the magnitudes of the same stars bv direct 
comparison with the E regions. So far, S magnitudes are available only for the five 
Kapteyn Areas which were observed by REDMAN in Pretoria just before he left for 


Cambridge. 
Table 2 shows the results of a comparison of the S magnitudes for 235 stars in 


these five areas with those determined at Cambridge. As the number of areas in 
volved is small, a zero point difference (obtained by considering all stars for which 
8-0 <— SPg 10-0 and 0-0 < SCI 0-70) was removed, area by area, before the 
differences for the individual stars were arranged according to magnitude and 
colour. The mean zero point difference for all the areas has, of course. been restored 
to the quant ities given in Table 2. There is no definite systematic effect in IPg SPe 
depending on colour or magnitude. For IPv SPv there is a systematic effect 
depending on colour but probably not on magnitude. If we assume a linear relation 
ship between the two magnitude systems, the formulae that best represent it are: 
[Pg SP 0-03, 


g 
[Pv SPy 0-09 SCI 0-07. 
0-91 SCL + 0-10. 
\ completely independent comparison with the North Polar Sequence has been 


provided by Cox (1953). While he was at the Cape in 1950, Cox used the Kirkwood 
photo-electric photometer attached to the Victoria refractor to compare five stars 


0-09 SCI 


0-07 


in each of four of the C regions at 15° with four similar stars in one or other of 
four KE regions. On his return to the Kirkwood Observatory, he compared the same 
( region stars with stars in the North Polar Sequence using the same photometer 


attached to a smaller but essentially similar refractor. Cox found that the colour 


systems of the northern and southern observations were identical. 


From the sixteen stars observed by Cox in the four E regions we have by direct 
comparison with the 1953 S system: 
0-086 C, 


0-192 ©, 


1-278 ( 


( 


where B,, Y,~, and (,. denote Cox’s “raw” blue magnitude, yellow magnitude, and 
colour. 
Similarly, a comparison of Cox’s “raw” magnitudes for seventeen stars in the 
North Polar Sequence with REDMAN’s “interim” magnitudes gives 
0-092 ©, $°175, 
0-077 ©, LS. 
1-169 C, 0-143. 
The elimination of B., Yo, and C, from these two sets of formulae gives 
0-005 SCI 0-097. 


0-090 SCI 0-047. 


0-915 SCI 0-144. 


ir relationship to the International System 


The lean the arithmetical differences for the individual stars of SPg Be; 
SP\ Y..-8Cl C.. SPs B., IP. Vo, and acl (. as observed and as 
calculated from the above formulae are 0™012, O™O11, 07010, 0™016, 0™012, and 
OQmOLS respectively. 

\ comparison with the recent accurate photo electric photometry of JOHNSON and 
thers in the northern hemisphere is provided by the Cape observations of the 


n mitudes and colours of the SSO stars which have visual magnitudes brighter than 


5-0 HR and which are south of ee The results of these observations are available 


in mimeogram form. The magnitudes were obtained by the Fabry method between 
1945 and 1951 with the same blue filter and in exactly the same way as those of 
Series 4 of Table 1. The colours were measured between 1949 and 1951 with a photo 
‘tric photometel attached ime) the | in, retractor. These photo electric colours are 

ot dire ethy connected with any of the series of observations in Table 1. but as the 
olours of several E region stars, both brighter and fainter than 5-0, were observed 
ume time, there is no difficulty in connecting the bright star colours with the 


standard 1953 S system. Actually 
0-180 SC] 


0-847 SC] O-O76. 


where BP i] ris not the measured magnitudes und colours Ol these SS bright 


Dr. Harotp JOHNSON has kindly communicated preliminary results of his three 
+ ] | 


olour observations made with the reflectors at the McDonald Observatory. Com 


three bright stars in common we find 
B -266(B 
0-964(B V 


"denote JOHNSON’S blue and yellow magnitudes. After transformation 
by these formulae, the largest difference for any individual star between JOHNSON’S 
ind the Cape observations is 0™04 and averages OmOLY the magnitudes and 

O™010 for the colours. These residuals include not only systematic effects that 
cannot be taken out by linear formulae but also all the accidental errors of both 
series of observations and of the variations of zero-point over the sky. That there 


‘matic effects for the magnitudes is clear from the fact that the formula 
0-2O5(B \ O-05(U B 0-190. 


where U denotes JOHNSON’S ultra-violet magnitude, gives a better transformation 
and reduces the largest difference to 0™03 and the average difference to OMmOLS. 
Even this formula is unlikely to have eliminated all the effects due to the ultra-violet 
light for these will probably not be linear. 

Unfortunately, we are not yet in a position to make use of the ultra-violet magni 
tude so that, for the time being, we must ignore U and make use of the first formula 
connecting BPg, B, and V. Eliminating BPg and Cy,-. we find from a consideration of 
the twenty-three bright stars that 


0-054 SC] 
SPy 0-068 SCI Q-O049 


O-S7T8 SC] 0-274. 
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The effect of the ultra-violet is likely to be most pronounced for the blue stars. It is 
worth noting, therefore, that, if we confine our attention to those of the bright stars 
for which SCI is positive, we get substantially the same relations between B, V and 
SPg, SPv as those found above. These can be transformed into relations between 
IPg, [Pv and SPe, SPv if we make use of the formulae that JOHNSON (1952b) gives 
as representing the best linear relationship between his B, V system and the Inter 
national System as defined by the SWJ stars, viz. 


[Po 0-083 IC] 0-161. 
[Pv, 
0-917 IC] 0-161, 


Another determination of the 
systems can be 


relationship between the S and JoHNSON’s B, V 
got from the stars in Praesepe and in the Pleiades which were 
observed photo electrically at the Cape as part of the 1952 zero point programme 


From twenty seven stars in common with JOHNSON’S observations of Praesepe 
we get 


0-S60 SC] 0-260. 


SPy 0-093 SC] 0-057. 


the mean residuals being + 0™007 for the colours and Q0™0O12 for the magnitudes. 


For the Pleiades, the twelve stars in common with JOHNSON and MorGAN (1951) are 


all so nearly of the same colour that they can be used only to determine zero point 


corrections, and then only if we can assume (from other comparisons) the necessary 
colour corrections. The stars concerned are all so blue that we must be prepared for 
complications due to the ultra-violet. 

The colours of the bright stars can be used to provide yet another link between 


the S and International systems. Table 3 shows the mean Cpe for various HD 
spectral types which, as the stars concerned are relatively close and presumably free 
from any appreciable interstellar absorption, should be directly comparable with 
SEARES’S Cy, the colour index on the International System corresponding to a given 
HD type (SEARES and JOYNER, 1943). This comparison gives 


IC] L-O97 Cx, 0-006. 


0-929 SC] (O89, 


The residuals shown in the last column of Table 2 are rather bigger than might have 
been expected from the dispersion in Cy, and the number of stars entering in to each 
mean. 

In the same way we can get a relation between JoHNSON’s B V and Cpe by 
considering the mean colours associated with various MKK types, but the data for 
this comparison are at present rather meagre. Such as there are, are given in Table 4. 
The B — V values are taken from a series of unpublished magnitudes by JOHNSON 
and refer mainly to northern hemisphere stars. The resulting relation is 
V 1-005 Cpe 0-190, 


O-S5L SCI 0-266. 


il 


ious Comparison ve u here » the Tollo ne determinations of 


reiating 


O00 NS “(3 KSAs at 

OOD -( (OX 
JOHNSON 
JOHNSON. 


JOHNSON 


0-09 SCI ‘7 KSAs at 15 

0-090 ‘O47 (Ox 

0-068 ‘049 JoHNSON. Bright Stars. 
0-093 ‘O57 JOHNSON, Praesepe 


0-098 JoHNSON. Pleiades. 


10 KSAs 
O-1l44 Cox 

JOHNSON, Bright Stars. 
0-107 JOHNSON. Praesepe, 
0-120 JOHNSON, Pleiades 
0-O89 Colours of HD types, 


0-114 Colours of MKK types. 


(Combining these determinations with some regard to the relative weights with 
which the various coefficients have been found. we get as the best /inear relations 


that can be derived from the data at present available 
O-OL SC O-O5. 
0-OS SCI 0-06. 


0:93 SCI O11, 


{ 
1 


In the light of this result, the application of the 1950 zero point correction O 


0™07 to the 1948 SPg appears to have been unfortunate. 


tf, THE INADEQUACY OF THE PRESENT POLAR SEQUENCE 


Considering the variety of their sources, the various determinations of the relations 


connecting the International and S systems are remarkably accordant. The deter 


minations by Cox differ from the adopted relations by more than might be expected 
from the consistency of his data. This becomes less surprising, however, when one 
examines Table 5, which summarizes the relevant magnitude determinations of the 
North Polar Sequence, The stars observed by Cox in the E regions all lie between 
7-5 and 10-0. This is also approximately the range of magnitudes covered by the 
Cambridge KSA comparison. Confining our attention to the NPS stars in this range, 
we get the following difference between the magnitudes as observed by Cox and as 
observed at Cambridge : 


OS The ¢ e magnitudes and their relationship to the International System 


In his paper, COX Compares his magnitude determinations for stars in C4 and Cl2 


with those of EaGex. He finds that after both series have been nominally reduced to 


the North Polar Sequence system defined by the SWJ stars, EGGEN’s photographic 
udes are systematically 0™04 brighter and 0704 bluer than his own. It is 
perhaps worth noting that the relations between the International and the S systems 


found from Cox's transfer differ from those finally adopted by almost these same 
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These discordances between Cox and Cambridge and between Cox and EGGEN, 
iS Well as the other large discordances shown in Table ». Must not he attributed to 
poor observations but to the limitations of two colour photometry combined with a 
singularly untortunate selection oT stars at the Pole. \ recent paper by JOHNSON 


1952a) examines similar discordances and shows how they probably arise from the 


differing amounts of light to the violet of 3800 A that have been included in the 
Various blue’ measures. JOHNSON furthe points out that it is possible to have 
several series of “blue measures all giving approximately the same magnitudes for 
the standard polar stars yet giving magnitudes differing by as much as 0™4 for stars 
of an extreme type not represented in the sequence 


5. A PosstBLE ALTERNATIVI 


It is clear that the North Polat sequence in its present form cannot define a stan 


dard system adequate for modern needs. I may he possible to define such a system 


by specifying the spectral responses of the standard receivers. Such a theoretical 
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definition would, however, have to be translated into practice by a series of magni 
tudes for a group of stars carefully selected to include examples of most spectral 
ty pes, luminosities and differing degrees ot reddening. It is very doubtful if such a 
wide variety of stars can be found in any one region of the sky. With the develop 
ment of photometric techniques by which stars are observed individually, this is not 
the handicap it would have been when most observing was done by in-focus photo 
graphic methods. The ease with which it is now possible to establish accurate 
Pogson scales still further simplifies the problem, for the standard stars need only be 
sufficient to define the colour system and zero point. 

JOHNSON (1952c¢) has proposed a list of 109 bright stars, most of them in the 
equatorial zone between + 15°, as a suitable selection of standard stars. If this, o1 
any other similar selection of stars is adopted as enshrining the standard system, it 
will still be necessary for the convenience of observers to set up regions such as those 
recommended by the International Astronomical Union (1952), in which the magni 
tudes have been carefully tied to the standard S\ stem.* JOHNSON himself proposes 
to supplement the 109 stars by the regions of the Pleiades, Praesepe, and [.C. 4665, 
but these three regions will scarcely be sufficient for all purposes. 

It is very important that some agreement should be reached as to the colour ranges 


in which the standard magnitude determinations are to be made. For several years, 


\V. BECKER (1946, 1948) has been advocating the advantages of three colour photo 


metry with the colours chosen on account of their astrophysical significance. BECKER 
himself suggests colour ranges centred at 6400 A, 4700 A, and 3700 A. Several 
photo electric observers are using three colours, U, B. and Y, as a matter of course 
Observations have also been made in other colours, but. in practice, all colours have 
not proved equally useful. The six colour work of Srepepins and Wurrrorp (1945 

see also GUNTHER, 1950) provides a guide as to the potentialities of possible colours 

At present U, B, and Y seem to be the most useful in providing information about the 
stars themselves. A colour range in the infra-red is also likely to be extremely useful 
for some galactic problems. That used in the six-colour photometry was centred 
at 10,300 A, but in setting up standard infra-red magnitude sequences, KRoN and 
SMITH (1951) have used a colour range centred on S250 A. 

To he adequate for modern needs, the stand urd Stars must be observed in foul or 
more colours and preferably by as many different techniques as possible. This must 
not be taken to imply that all other stars should be observed in the same variety of 
colours. The visual observer, the compiler ol catalogues, and the statistician may 
well continue to be interested in one colour range only, while two-colour ranges seem 
to be sufficient for many purposes. Whatever colour ranges are finally adopted for 
the standard magnitudes, most observers will, in practice, continue to use whatever 
colour ranges appear most suitable for their particular problem or are convenient 
for their apparatus. It is desirable, therefore, that the standard magnitudes should 
be available in a sufficient number of colour ranges so that, by means of a combina 
tion of them, it is possible to reproduce, within tolerable limits, a magnitude systen 
adopted for any general investigation. This would automatically achieve the inter 
pretation of the magnitudes used in that investigation if, as presumably is the case, 
the interpretation were well known for the standard magnitudes themselves. It may 


well be that the four colour ranges, U, B, Y, and I will prove sufficient, but there are, 
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as yet, too few U and I magnitudes published to be able to judge their general con 
vertibility. Provided that the B does not contain too much ultra-violet light, B and 
Y systems seem to be fairly easily convertible within fairly wide limits (see, for 
example, the series of observations summarised in Table 1). 

The normal. though rather vaguely defined, International System has been fairly 
widely used in the past, and, whatever other systems are used in the future, it is 
likely to continue to be used for many years to come. It is desirable that it be re 
defined as precisely as possible. One way of doing this, would be to define it terms 
fa precise system such as JoHNSON’s U, B, V system, which would allow the ultra 
violet effect to be taken into account. On the other hand, JOHNSON has pointed out 
that in his U, B, V, system, the V is almost identical with the International photo 
Isual system as defined by the nine SW.J stars. while the B is such that if B V is 
made equal to zero for unreddened stars of tvpes AO Iv and AO v, B— V for KO 1m 
stars is 1-01. Thus both the zero point and colour equation of the B. V S\ stem agree 
ilmost exactly with the pre 1922 definition of the International S\ stem. It would 
seem not unreasonable to adopt this B. V system in place of the present inadequately 
defined [Pg, [Pv system. If this, or any other, system is so adopted, any magnitudes 
that have been well observed on the old system can be expressed, without any sen 
sible loss of vecuracy, on the new. Bisa fairly good approximation toa photographic 
nitude, provided this magnitude is determined with the troublesome light to the 
inlet of 3800 A removed. This is nearly the case of observations made with many 
efractors, while for reflectors, this light can be easily removed by means of a filtet 
such as a GG13, the use of which was advocated several years ago by BAAbDE (1939 


‘he best /inear transformations of the 1953 SPg, SPv to JOHNSON’s B, V system 


B SPo 0-07 SCI (20) 


\ SP OOS SC] 0-06 


\ 


B \ OS5 SCT O26 


These transformations probably require a small non-linear correction in the case of 


| contribution to 


very blue stars, as light to the violet of 3800 A does make a sma 
SPg. Observations with a photometer belonging to the Washburn Observatory 
ittached to the Victoria telescope show that a change from the usual ( ape blue filten 
to a combination removing all the ultra-violet light has no effect on the colour 
equation for stars between AO v and KO. For stars earlier than AO there is a small 


difference which 


Cox, A. N 

GUNTHER, S 

International Astronomical Union 
JOHNSON, 28 F 


tp. J., 116, 640 
Memorandum to Comm 
Meeting, Rome 
JOHNSON, L. and MorGan, W. W ( ip. J., 144, 
Kron, G. KE. and SmitnH, J. LYNN 95 | ip. J., 1S. 
Menzies, A., REDMAN, R. O. and Stroy, R. H V.N., 109, 
REDMAN, R. 1952 1.A.U., Draft Report 
SEARES, F and JOYNER, 1943 ip. J., 98, 261. 
| ip. J., 102, 281 

STEBBINS, J. and WHITFORD, ) in. J., 102, 318 
Stoy, R. H 943 U.N., 108, 288 

V.N., 104, 317 
Stoy, R an NZI lf VU .N., 104, 298. 


) 
8) 


24 


52 
32 
647 


The Zero-point in Stellar Photometry 


EK. RYBKA 


I. INTRODUC TION 


Irv is well known that stellar photometry is still far from being homogeneous hoth 
in scale and zero-point. Since the zero-point, in particular, may be different in different 
parts of the sky, the fundamental data of stellar photometry require revision. Such 
a revision of zero-point is necessary for the further development of photo-electric 
photometry, a field which has been particularly active since the application of 
multiplier-phototubes to it. The accuracy of the modern photo-electric photometry 
is very much greater than that of visual or photographic methods, and the initial 
data on which the photometric investigations are to be based therefore need to be 


known more accurately than hitherto. 


2. THE ZERO-POINT IN VISUAL AND PHOTOGRAPHIC PHOTOMETRY 
The zero-point of visual photometry was, in general, based on brightness estimates 
of the B.D. (Bonner Durchmusterung) stars. For this purpose the Potsdam Durch 
musterung (1907) adopted the mean magnitude of 144 fundamental stars to be equal 
to their mean magnitude as given in the B.D. (m 6-02). In a similar manner the 
Revised Harvard Photometry (1908) was based on B.D. magnitudes for 100 stars in 
the neighbourhood of the North Pole. In fact, however, the Harvard magnitudes 


were based on the magnitude of « UMi (which was later found to be a variable star) 


afterwards on the red star 2 UMi of spectral class Mb (North Polar Sequence 
Both stars were inadequate as zero points for stella photometry. 
zero-point of photographic magnitudes has been transferred from visual 
ttometry by adopting the following rule: **For AO stars between 5™5 and 6™5 the 
photographic magnitude is taken to be equal to the mean Harvard visual 
itude’. The rule was adopted by PARKHURST (1912) in the Yerkes Actinometry 
ry Miss Leavitrr (1917) in the North Polat sequence, It was. however, not 
possible to ipply this rule fully all over the sky. The dispersion in colour-indices of 
the AO-stars has been found to be considerable. both because of the dispersion in 
ute magnitude and because of interstellar absorption. The latter circumstance 
caused the differences in zero-point in different parts of the sky. It was, therefore, 
found more convenient to adopt the /,, and /,,, magnitudes of the North Polar 


Sequence stars as given by SEARES (1922) as standards both of scale and of zero-point. 


3. THE INADEQUACY OF THE NorRTH POLAR SEQUENCE AS 
THE STANDARD ZERO-POIN1 
oblem of zero-point in stellar photometry has been vividly discussed at the 
f Commission 25 of the International Astronomical Union, in particular 
yne Meeting in 1952. The zero point in photographic photometry has 


isually been transferred from the North Polar Sequence by photographing the stars 


region of the sky under investigation and, practically simultaneously, the 


North Polat sequence stars on the same plate with the same exposure 
’ iatic differences, however, in the transparency of the air in different 
the sky, and the effect of different guiding cause systematic errors in 
Such errors average to 0™11 according to WIRTANEN and VySssoTSK\ 
rreover, the magnitudes of some bright North Polar Sequence stars 
3. 4) have been found by STEBBINS and WHITFORD (1938) to have a scale 
conclusions of these authors have been confirmed by other observers, for 
EDMAN and Yates (1952). Cox (1952). Eae1 1950). and RysBka (1953). 


Sequence has. therefore. lost much of its significance as a standard 


zero-point t least for bright ws. and it seems advisable to revise the whole 
problem of the zero-point the photometric scale and to base it on new observational 

raterial letermination of accurate photometric sequences is especially desirable 
for this purpose (see, ¢.g., PAYNE-GAPOSCHKIN, 1950 


j 


t, THe Wroctaw PROGRAMME OF PHOTO-ELECTRIC OBSERVATIONS 


At Wroclaw Observatory, photo-electric observations have been started with the 
um of determining standard magnitudes in different parts of the sky. The observa 
tions are made with the aid of two photo-electric photometers using IP2] photo 
multiplic rs. One of them has been installed on the 20-cm refractor of the Wroclaw 
Observatory and the second on the 25-em refractor at Bialkow. the branch observa 


tory of Wroclaw University. This observatory is 60 km from Wroclaw and favourably 


situated tor photo electric obse1 vations. 


The aim of this photo electric work at Wroclaw and Bialkow is to determine photo 
metric sequences uniformly distributed over the northern hemisphere. Of course, 
such work cannot be performed to full extent at one observatory in a reasonably 
short time. The observational programme ol the observatories of Wroclaw University 


has, therefore. been restricted fo the time being to the accurate photo-electric 
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determination of extra atmospheric magnitudes of pairs of stars, of about 6™, differing 
widely in colour and distributed uniformly over the sky. Taking into account that 
numerous investigations in stellar statistics are based on the magnitude scale and 
the zero-point of stars in Kaptey n’s Selected Areas, it seems to be reasonable enough 
to connect the Selected Areas with the net of these stars. the magnitudes of which 
are then to be used as the zero-point. 

For this purpose two stars have been selected near each area, one of spectral class A 
(strictly B5—-A5) and the second of class K (strictly G5—-K5), with the visual magni 
tudes between 5™"5 and 6™5. Observations are carried out through Corning Glass 
filters No. 5551 (blue) and No. 3486 (deep-vellow). They give photometric systems 
close to the /,,, and /,,, systems of the North Polar Sequence. 


5. THE DETERMINATION OF EXTRA-ATMOSPHERIC MAGNITUDES 
For a determination of extra-atmospheric magnitudes it is necessary to know the 
local instantaneous extinction. The observed magnitude m’ and the extra 


atmospheric magnitude m are connected by the simple formula: 
m’ m EB. M(z2), eae) 


where # denotes the extinction coefficient and .W(z) is the at mospheric mass according 
to the definition given by BEmMporaAD (1904). Equation (1) contains two unknowns, 
m and EF, which are to be derived from observations. 

In accurate photometric investigations magnitudes and colour-indices are to be 
transferred to a region outside the atmosphere. Such a transfer may be performed 
by the classical Bouguer-method or by the method of NrkoNov (1949). The first 
method postulates that the transparency does not change during one night; in the 
second approximate magnitudes of the stars are necessary for a preliminary deter 
mination of the extinction coefficient. RyBKA (1953) proposed a method which is 
free from both these limitations. Let us denote by m’, the observed magnitude of a 
given star A near to the Pole and by m’ the observed magnitude of another star B 
with a declination near to the geographical latitude of the observatory. Let us then 
denote the extra-atmospheric magnitudes of the two stars by m, and m, respectively. 
We assume further that the stars are of the same colour. At time ¢, the star B is 
observed at a low altitude (for example, near z 60°) and at time f, near to the 
zenith. The star A, too, is observed near the times ¢, and ¢,. All measured magnitudes 
are referred to the artificial source of light in the photometer (e.g., radioactive paint) 
as the provisional zero-point. Two extinction-coefficients, #, for the moment f, 
and #, for the moment f,, and the extra-atmospheric magnitudes of both stars can 


then be derived by solving four linear equations: 


( my 4, . M(z,), 
ln’, C,.« Mea), 
( ms GY, . M(z.), 
\m'. Ye - M (Zp). 


The extinction is a complicated function of the effective wavelength of the photo 
metric system, of the time, of the colour-index of the star, and of the zenith-distance 
(Forbes-effect). 

kh E(Aerr, t, CI, z). ee: 
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The dependence of £ on the time is taken into account by the determination of the 
instantaneous extinction-coefficients by the above method. At the same instant 
and in the same system the extinction-coefficient Kk differs slightly for stars of 
different colour-indices, the difference in E being approximately proportional to the 
difference in colour-index. The extinction-coefficients for stars having different 
colour-indices may be derived from the observed magnitudes of stars of different 


colour, provided their extra-atmospheric magnitudes are known. 


6. PHOTO-ELECTRIC OBSERVATIONS AT WrRocLAW AND BIALKOW OBSERVATORIES 


Long series of photo electric measurements have been made in the vears 1951-53 
at the observatories at Wroclaw and Bialkow in the declination zones 75° and 

60° (Selected Areas 2 to 19). Near the Pole the two stars BD 88:4 (AQ) and 
BD 86°17 (gK0) have been observed, the colour index of the first being OMOL, 
and that of the second 1200, according to the catalogue of SEARES, Ross, and 
JOYNER (1941). They were used for the determination of the extinction according 


to the above-mentioned method. 

The photo-electric observation consists in the measurement of magnitude differences 
of stars of the same colour-index in adjacent areas of the same declination zone, and 
between stars of different zones. To begin with, the extra-atmospheric magnitudes 
of the stars BD 88:4 and BD 86:17 have been determined by the method described 
above. The observed magnitudes referred to the artificial source of light then make 

possible to determine the extinction-coefficients The extra atmospheric magni 
tudes of BD 88:4 and BD 86-17 have been adopted pro\ isionally as the zero point 


of the Wroclaw photometry. Extra atmospheric magnitudes in two colours have first 


been determined for thirty-eight stars in the declination zones Q() 75°, and 
60° (Selected Areas 1 to 19). The average error of one catalogue magnitude is of 
the order — 0™007. It is intended to extend observations at Bialk6w down to 15 


declination. It is also planned to make a further extension at the Tonantzintla 
Observatory in Mexico. 


7. CONCLUSIONS 


The net of extra atmospheric magnitudes of stars In the regions of the Selected 
\reas will furnish a good Zero point fol investigations of the stars around 6™, Such 
a net of fundamental magnitudes will provide a homogeneous zero-point of magni 
tudes and colour-indices in the Selected Areas. The net will facilitate the determina 
tion of homogeneous systems of magnitudes for the naked-eyve stars: considerable 
corrections may be expected in several cases. 

The transfer of zero point may be made by photo electric o1 photographic methods. 
The net of fundamental extra atmosphe ric magnitudes of 6™-stars of types A and K 
in two colours, evenly distributed on the sky, will enable the local instantaneous 
extinction to be determined at any observatory, and the colour equation with 
respect to the photometric systems represented by the fundamental net of magnitudes 
to be derived. The photometric systems may easily be extended to stars of other 


than sixth magnitude. 
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1. INTRODUCTION 


THE study of those galactic star clusters which, because of their relatively low stat 


density, are called open clusters, is particularly interesting. First, since they are 


typical representatives of the star clusters in the Galaxy, they serve to indicate 
the arrangement of these star clouds. Secondly, we have good reasons to assume that 
a galactic cluster is a star family whose members belong together: they are close to 
each other in space and have a common, usually parallel, motion. Given the total 
mass and the mean density of a cluster, one can calculate what average individual 
velocity (relative to the centre of gravity) its stars should have in order to keep the 
cluster stationary in its own gravitational field. This “inner” velocity is usually very 
small compared with the overall motion of the cluster. While the inner gravitational 
field keeps a cluster together, the outer forces of gravity, which originate in the various 
formations of the galaxies, can result in its slow disintegration or destruction: the 
centre of the Galaxy exercises certain tidal actions on it, and neighbouring masses, 
whether they are star clouds or diffused matter—even if they have only the characte? 
of density fluctuations in the general field—pull at it, distort it, and extract some of 
its members. Since the clusters participate in the general rotation of the Galaxy, we 


issuming that their members have been togethe for a period of the 
us, and have shared a common history throughout this period. 


therefore that the stars of one cluste belong to a fairly homogeneous 


jumber of stars picked out at random in our own neighbourhood 


much more heterogeneous mixture. This amounts to saying 


ff development and existence of the cluster stars were very 
very easy, however, to state more exactly which properties 
uniformly distributed among the members of a cluster. It may be, for 


ister is only a group of stars which have remained in the course of 


Ina sufficiently dense, diffuse and extensive cloud of interstellar 
ise its members would have come from different regions at different 
nly one thing in common, namely confinement in the same 
the cluster would have accumulated slowly, but in coming 


d’ that the kinetic energy left was not sufficient to 


‘ape. Perhaps, on the othe h wd the Stars ot the 
ing either a surviving and still undissipated relic of 


ur Galaxy not long after the expansion ol the Universe began. 
crystallization’ of diffuse matte1 We may therefore inquire 
ry and the time « heir birth, and whether we are 

| composition ‘luster stars was the same at 
vccount for the homogeneity of the group. 
mposition of all cluster stars was the same at the 


fference In m uminosit\ will have 


siderable di 
irces of energy, and thus 
Wt of the star. 


ical Comp sition of a 


determine Its WW observable properties, 


hat the rate of e ry generation in the 


l 


composition (apart from the trivial para 
neous origin of all 


eluster stars will be 


is co-ordinates of each cluster star 

ole of a parameter of the curve 

of cluster formation. we should ¢ xpect a looser statis 
| R. since in this case the masses of diffuse matter 


irs would be able to ec tribute to the sources of 


r the brighter stars, become conspicuous. Fun 


] + 
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that the stars originated in widely separated regions of space will 


wider spread in their observable properties 
that it is worthwhile to study the 


case. these general considerations indicate 


traits of the cluster stars. This can be done through photometry of the stars 


In this way we obtain an equivalent of the 


ister 1n at ist two colours 
te magnitude M 2-5 log L. and also a tem pel ture equivalent, the colour 


which together with L permits a calculation of the radius #, so that the 


photometry provides us with the equivalent of a L, R)-diagram, namely the so called 
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colour magnitude diagram. This method assumes that in some way or other the 
stars of the cluster have been carefully separated from those foreground- and 
background-stars which are seen projected into the area of the cluster. This is best 
done by determining the tangential and radial components of velocity of the field 
stars. It is possible, however, to do this for only a few of the brightest and nearest 
clusters. Until now only Praesepe (HAFFNER and HECKMANN, 1937; JOHNSON, 1952 
and the Pleiades (BINNENDIJK, 1946; EGGEN, 1950b: JOHNSON, 1953; HARRIS, 
1953) have been properly examined: one might mention also Coma Berenices 
(EGGEN, 1950¢; Srock, 1951). The data for many fainter clusters are still less 


complete and also less accurate. 


2. THe Hyapbes 

The apparently largest cluster of this type, the widely-scattered Hyades in Taurus 
is however not nearly as well known as the somewhat smaller clusters just quoted. 
The reason is that the large extent of the cluster on the celestial sphere requires for 
its photographic-photometric investigation instruments covering a very large field 
of view, if one does not wish to combine too many plates. Secondly _ this large lateral 
extent implies a large extent in depth of the cluster which makes the differences in 
stellar distances large enough to require a correction. 

When we started on the photographic photometry of the H yades In Bergedort 
about 1944, we had no notion of the many complications which were in store for us 
Without going into too many details we shall olve an account of the various phases 
of the work. We began in the hope that the « x perience cained during the Gottingen 
photometry of Praesepe (HAFFNER and HECKMANN, 1937; EGGEN, 1951) would soon 
lead us to our goal, since we had in Bergedorf a similar instrument for the exposure 
and a nearly identical instrument for the measurement of the plates. Our aim was 
to achieve as high an internal accurac\ of the measures as possible : we were prepared 
to take our scales and zero points from other authors. 

The list of stars to be measured was compiled from the paper by RAMBERG (1941 


) 


which is complete up to 13™5 in a field of 1-5 radius around 4, Tauri. RAMBERG 


gave blue magnitudes and spectral types of the stars; we therefore thought it would 


be sufficient for the beginning to concentrate only on red magnitudes. The scale of 
these was obtained from RAMBERG’S blue magnitudes by taking into account a 
provisional colour index which we derived from his spectral types. Although the 
instrument, the long-focus ultra-violet-triplet L of the Lippert Astrograph (340 
3400 mm) has the maximum of its colour curve at 24200, we still obtained good 
pictures in the red at about 26000 by a suitable choice of plate and filter. But the 
field of 4 f° was too small to allow a satisfactory determination of the photo 
metric field correction owing to the rather unfortunate distribution of the stars. 
We found that, for the precision photometry of an area of diameter ), the instrument 
should have a field of at least 2). Then one is able to explore the photometrically 
important properties of the lens by displacing the group to be examined into different 
parts of the optical field. During all the years of work on this group we have for the 
most part tried to combine exposures with displacements in such a way as to be able 
to derive the field corrections for each plate individually. 

The results with Triplet L were unsatisfactory because the angular size of the useful 
field was too small. Moreover, the size of the plates (24 24 em) at this relatively 


long focal length was so great, that inhomogeneity of the photographic emulsion 
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was inevitable. It is, however, certain that this instrument would lead to good results 
for the photom.try of sufficiently small groups. 

When somewhat later HOLMBERG’S paper (1944) was published, which deals with 
a much larger area of the sky, we extended our list and since had to use another 
instrument. HOLMBERG gave yellow magnitudes (so-called photovisual magnitudes) 


based on the International Polar Sequences; in the central region of the group, 


however, he had adopted essentially RAMBERG’s blue magnitudes. The most 
important conclusion of HOLMBERG’s work seems to be, that interstellar absorption 
does not play any role in the Hyades. Since our yellow magnitudes with Triplet L 


were still somewhat more accurate than HOLMBERG’S values. we resolved first to 


determine new blue magnitudes. Following a suggestion by A. A. WACHMANN, we 
used in this new phase the short-focus Triplet K of the Lippert Astrograph (300 
1500 mm): we also reinforced the somewhat heterogeneous scale of RAMBERG’S 
blue magnitudes through a series of calibrations with the Pleiades, making use of 
BINNENDIJK’S Pleiades scale. The new blue magnitudes were relatively much better 
in the border regions than the yellow magnitudes of Triplet L. We therefore decided 
tO reject the whole material obtained with Triplet L. and to replace it by vellow 
magnitudes obtained with Triplet K. This objective had, like L, the maximum 
of its colour curve at 44250: but the quality of the images was also very sood 
in the vellow-red colour region. We thus obtained rather homogeneous blue and 
yellow material in an area about 4? Tauri, which measured some 5 in z and 7° in 0. 

At this time EGGEN (1950a) published his photo electric photometry of the H vades, 
which again comprised a considerably larger area than had previous work. Since 
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NGGEN considered that he had discovered particular structures in the colour magni 
tude diagram of the Hyades, it was important for us to include the relevant stars in 
our programme also. 

This forced us to a third increase in the area of our field, which now extended in 
x from 3" 58™ to 4 36™, and in 6 from 11° to 23°. Again we had to change to 
smaller instruments with a larger field of view. We selected for the yellow magnitudes 
the chromatic Triplet C (100-570 mm) and for the blue magnitudes the original 
Schmidt telescope S (360-625 mm). Both these extensions of the work kept within 
the colour system of the blue and yellow magnitudes obtained with the Triplet K. 
Scale and zero point, however, have now been taken over from EGGEN, since the 
photo-electric scale determination is superior to the photographic one. The material 
obtained with C and 8S, however, was not measured with the thermo-electric photo 
meter of Zeiss, like the previous material, but with the first Iris photometer of the 
Gottingen Observatory. Only in this way could we measure the very small images, 
particularly those of the Schmidt, with sufficient accuracy. The accuracy finally 


attained in the whole material is shown in the following table: 


Table | 


Maximum number ¢ 
Maximum number o 
ge numbe1 

ge mean el! 


magnitude 


The relatively large mean error of the single image can be regarded as expressing 
the inhomogeneity of the material. The maximum number of images is obtained for 
stars in the centre of the cluster, which appear on all the plates. There the mean 
errors often go below + 0@010. The average mean error of the colour indices is 

O™mO2O, 

Unfortunately, with the completion of the photometric work the foundations were 
not yet sufficiently sound for an exact colour magnitude diagram. Certainly EGGEN 
had taken into account the influence of *‘depth-structure”’ on the absolute magnitudes 
of the Hyades stars, using material made available by R. E. Witson (1948 and 
unpublished data). However, his catalogue lists in our area only fifty cluster stars, 
while we have 104. It was thus necessary to derive new proper motions, at least for 
those of our stars which did not overlap with EGGEeNn. It seemed appropriate to 


carry out the necessary astrometric work for all our stars. In the first place we com- 


pared new plates with those of the zones Toulouse, Bordeaux, and Paris of the 


Carte du Ciel, and derived new proper motions. Furthermore, we were able to use the 
results of a Thesis by OsvALps (1950), who had examined the members of the group 
in a part of our area by differential measurement of some other pairs of plates. Fur- 
ther, we utilized some older sources. In the final result our newly derived proper 
motions have an average mean error of 0°004. Since the total proper motion 
u of the group is 0°11, it follows that the inaccuracy in its determination causes a 


corresponding uncertainty in the absolute magnitudes of amount 


O08. 


H 


stars with JJ/ 3™5 we were able to use the more accurate motions 
1952). so that in this region ¢,, 
colour magnitude diagram we reproduce again the much 


O a Ol RP) vesepe. 
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white stars is also 
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Recent observations in Bergedorf seem w that these contain 
high proportion of variable stars of small amplitude. The so called 
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explained by the 


ema single ch wn without any scattel and that 
correspond to double stars which have not been resolved in the photometry. The 
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scatter of the Stars beyond the limits shown Is almost exclusively due to observational] 


errors in the colour index ( The sharpness of the main sequence and the appearance 
of a certain percentage of double stars are the principal features of this figure. 
For the Hvades the situation is very different. Some bright red stars are again in 


ev idence. but we shall not discuss them 


Here, too, a clear main sequence becomes prominent, the upper end of which 
shows a very complicated stellar distribution, which may certainly be caused in part 
by a slight variability of the bright white stars. But this region already shows a 
clear difference when compared with the corresponding features in Praesepe: the 
double stars (underlined) are much more frequent. In a similar region of Praesepe 
they amount to 20 per cent, but here among the twenty-seven stars brighter than 

at least 


3M5 there are thirteen certain and about four doubtful cases of duplicity, $.€. 


50 per cent and probably more. 
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There are six certain and one probable double star again at the 


The remarkable thing, however, is that here 
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75 belt, and this certainly speaks in favour of the presence 
us. It will require further observations with 
arrive at independent conclusions on this point. But it 


the colour-magnitude diagram of the Hyades 


from that of Praesepe. Whether the main sequence is 


| do not believe Ol whe ther we have really to deal with a 


Stars, In any case observational errors cannot have dis 


in extent th it one could harmonize it with a distribution 


s, if irregularities in absorption have not influenced the 


n ide highly probable the cosmogonic conclusion appears 
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Note on the Diameters of Photovisual Star Images 


KJINAR HERTZSPRUNG 
Tollése, Denmark 


DIAMETERS of star images were measured on a photovisual plate of the brighter 
stars in the Pleiades taken by Dr. OosTeRHOFF on 12th January, 1929, with the 
32cm photographic refractor of the Leiden Observatory. The exposure time was 
30 min and a grating, d l, was placed in front of the objective, the theoretical 
difference in magnitude between the central image and the spectra of the first order 
being 0"98. Other diameter measures were made on a double contact copy, made 
from the original plate, in order to obtain more clear-cut images. 

The mean results of six times repeated measures are given in the accompanying 
Table 1. 
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The interesting fact is that the difference in diameter between the central image d, 
and the spectra of the first order d; is nearly constant, viz. about 47". This means that 
the diameter of these nearly monochromatic images (effective wavelength 0/55) 
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for an increase Of O98, corresp nding to an extinction coefficient 


()-4 OOS (O-OQ047 log ¢ 324 
n the double copied plate is 56", indicating a 


he original plate 


The Galactic Cluster M29 (NGC 6913) 


W. W. MORGAN ; ,. HARRIS 


BECKER and others to the dete 
yralla as supplied power ool for problems ot 
We propose to ul line here 
lie references see MORGAN \RR ind JOHNSON. 1953 


» thre ilactie clustet \I29 


different procedure from 


it1ON 


between ultra-violet and 


7 
Indices, one 


Consist ot two colou 
blue light hetween blue and vellow light. Because of the higher accuracy 


unable | ‘TrIC CASUYTES ale to be preferred \ general description of the 
1 given by MorGan, Harris 


relationships between two such colour indices has been g 
ind JOHNSON (1953 

Kj | illustrates the iti T Mam-sequence stars Tron spect! il classes B i 
inclusive | MorGan. Harris. and JOHNSON (1953). The 
peculial O-type stal : 1211 has been added: the latter appears to represent 


I 


closely the intrinsic 


in early O-type star. Fig. | shows the following for 


from class O to AO there is a smooth approximately 
1(U B \ line passed through the position 


linear relation betwee VY), and - 


main sequence stars On passing 


1125 


28-4211 | ( - 1-26] and the standard zero 


point [(B V) 0: (U B) | represents closely the intrinsic colours of the 


BI—-B9 main sequence stars. The equation of this line is 


al B 3-706(B V }. ee 


() ) 
The ath of the main sequence for types later than AO becomes irregulat due 
| vy 


principally to the effect of hydrogen absorption \ minimum in the intensity of 
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U B) is reached near types Ad5—-A7 there is a maximum near F5—-Fs: after this 

point the intensity of (U 8B) decreases rapidly with advancing spectral type. 
The represent ition of the nine main sequence stars considered to be of normal 

‘olour in the range B1I—B9 is given in Table 1. The columns give 1) the name of the 
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2) the Yerkes spectral type: (3 and 4) the observed values of the (B V) and 


5) the values of (B V), computed from equation (2) and the observed 


values of (U B). Indirect determinations of the intrinsic colours of main-sequence 
stars between spectral types O7 and BO indicate a similar satisfactory agreement with 
the values of (B V), computed from equation (2) and the observed (U B) 


colours 
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From equations (3) and (2), values of the intrinsic colours can be obtained for 
main-sequence stars having various amounts of interstellar reddening. The amount 
of the latter can be evaluated from a comparison of (B V), with (B V); in 
addition, the intrinsic colours can be calibrated in terms of main-sequence spectral 
types in a manner similar to that used by JoHNSON and MorGAN in the discussion of 
the quantity Q. For this purpose we select (U B),, rather than (B V),, because 
of the considerably greater range of the former in the interval O5—A0. 

Table 2 lists the stars used for the calibration of (U B), in terms of MK spectral 
types. The columns give: (1) the name of the star; (2) the spectral type on the MK 
system; (3 and 4) the observed values of (B — V) and (U B) according to the 
observations of JOHNSON and Harris: and (5 and 6) the values of (B V)) and 
(U B), as determined from equations (3) and (2). The adopted values are listed in 


Table 3. 


The interpretation of (U | in terms of spectral type is probably valid for 
stars of luminosity classes III—V. inclusive for the highest luminosity classes 


however, there is a considerable systematic deviation between the predicted and 


observed spect ral ty pe. 
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194839 
YPOO5 
194279 
PIQOQHD 
$1117 
198478 
58350 
34085 
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t gives a comparison between the observed and predicted spectral types 


ur excesses for eleven stars of luminosity class la. The columns list: (1) the 
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Z the spectral type; 6: and }) the observed values of (B V) 


5 and 6) the values of (B V), and (U B),. computed from 


7) the deduced values of the spectral types from (U oh 


ved eolou eXCeSS BK \ and () the computed colour eXCeSS KR B \ 
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” gives the relation petweel im ind MI type 1O the main sequence and 
supergiants 

the reddening lines corresponding to (U 
the latter is the reddening line for main-sequence AO stars. 


| gives the position of k O5 and k 1-0), 


3. THE PHOTOMETRIC DISTANCE OF M29 


The observations of M29 are listed in Table 5. The observations were carried out 
by Harris at the McDonald Observatory, by use of a photo-electric photometer 
similar to that described by JOHNSON (see JOHNSON and MorGan, 1951). The first 
four columns are self-explanatory: the fifth lists the number of observations and the 
sixth gives MK types for the five brightest Star's. The types were determined from slit 
spectrograms obtained with the Yerkes 40-in. refractor. The three stars below the 
dashed line in Table 5 are considered to be non-members of the cluster. The 
identification of the stars is shown in Fig. 3: the numbers are those of ZUG 


1933 


Fig. + illustrates the positions of the cluster members in terms of the two-colour 


diagram. The equivalent spectral types are marked on the intrinsic line and a grid 
] 
‘Tral 


has been drawn to illustrate graphically the determination of equivalent spe 


t\ pes and colour CPX CESSES hy means ot the method described above 


tf the cluste l 


The derivation of the photometric absolute m vonitudes and distance « 


is given in Table 6. 


Fig. 3. Identification chart for M29 
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The second column gives the colour excesses: the values for the first five stars 
have been computed from observed spectral types, since these stars are known from 
The third column vives values ¢ 


A ratio of 3H has been used for these 


then spectra to be supergiants if the corrected 


apparent magnitudes on the V system. 
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) 
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only Malh sequence 


ds > 1 1 
types B3 and B9 were used. tor the sake cludal 


spectra 


ey these objects the Va 


an unpublished calibration now in use at 


th column FIVeS the deduced 


ars lues of M, are listed in the sixth column these are 
irom Yerkes for the derivation of spectro 
scopic parallaxes. The seven lues of the true distance 
modulus. The last column gives the resulting absolute magnitudes, from a true 
distance modulus of 11-7, which is the mean of the values of column seven. 


The HR diagram of M29 is illustrated in Fic. 5. 
The distance of M29 is approximately 2200 parsees. Its brightest stars have 

| | 
visual absolute magnitudes between 6 and 7: and the main sequence has been 


observed to the neighbourhood of class B9. The true diameter of the cluster is about 


5 parsecs. The distance derived here is considerably greater than that found by 
BECKER and Srock (1949). 


A Contribution to the Problem of the Classification of Variable Stars 


Livio GRATTON 


Astiesrain ta? 


INTRODUCTION 
steps in the study of a large assembly of objects which, like variable 
show differences and similarities among each other, is to classify 


ind subgroups 


storically that at first the aim of a classification is simply that of 
an orderly way, which permits keeping them in mind more 
classification criteria are rather rough and based on the most showy 
ippeal inces: lead to putting In) the same Class objects which are very 


different from each othe 


When more data are 


classification becomes more and more refined 


iccumulated and the true nature of the objects is better 
inderstood, the it aims now to reveal 
deeper relations. \t this stage the classification is a powerful tool for the theoretical 
inalysis Vi hich follows the mere C italoguing of obse1 vations ind which tends to form 


objects based On the ceneral principles ot science 
In its third stage. the classification is completely theoretical that Is. by means of 
ll the regularities are “explained” and 


ry) 


1a few general principles, a 


given models an 
deductive reasoning. New regularities. 


can be derived by hitherto unknown, are 


often discovered by means of theory. 
Only exceptionally have the three stages been reached in natural sciences: 
most cases we are still at the second one. 

Entomology is a very interesting instance. LINNAEUS’ Classification, based only 
on the features of the wings and the mouths of insects. may be considered as a first 


insects which oby iously do not bear any relation to each other were assigned 
he same class and the need of a better classification was felt very 


ge; 
by these criteria to 1 
Thus BRAUER’S classification, as early as about the middle of the last century, 


SOON 


took into account the numbers of MaLpicut’s tubes, the evolution of the protorax 
and the embriology. Only quite recently, however, following the investigations of 
LAMEERE, MartyNoy, and others the second stage may be considered to have been 
reached. In this case the general principles for a rational classification of insects were 
based on ey olution: the discoveries of paleont hology enabled the deep phy logenetical 
relations of different groups to be found. 

The most typical instance, however, is chemistry. The ancient classification of 
elements (e.g. the four elements of Greeks) corresponds to the beginning of the first 
stage. The basic criteria were very naive (the state of aggregation of different sub 
stances) but it is very remarkable that already at this early stage of science, some 
tentative attempts were made towards a rational explanation of the properties of 
the elements, as, for instance, EMPEDOCLES’ geometric theory of atoms. The 
subsequent history of chemistry until the discovery of the periodic system by 
MENDELEIEFF, may be considered as a transition to and the development of the 
second stage. This was characterized by the discovery of simp.c substances (the 
true elements) as compared with compounds, and by the classification of elements in 
groups (alkaline metals, earth-alkalies, earths, halogens, rare gases, ete.): it is 
remarkable that all the most obvious criteria are now recognized as unin rortant 
while the classification is based on much more hidden properties, like the chemical 
properties or, even better, the spectrum (X-rays or optical). The mod atomic 
theory is the last stage: all physical and chemical properties of elements ¢ now be 
obtained from a few general principles. The final goal of science, that is tl » rational 
interpretation ot phenomena on a theoretical or deductive scheme, may be said to be 
achieved in this case. 


2. EARLIER CLASSIFICATIONS OF VARIABLE STARS 


The problem of classifying variable stars was considered already in the middle of the 
last century (ARGELANDER, PIGGorT, KLEIN), but the first important classification 
is due to E. C. PICKERING. PICKERING’S scheme |1|, which was in use for several 
vears was, of course, very rough. For instance, stars as different as $ Lyrae and 
) Cephei were put into the same class, while p Lyrae and /# Persei are found in tw 
different classes. 

PICKERING |2] himself, some thirty years later, brought several improvements to 
his previous system, but even then stars like o Ceti, SS Cygni, and R Coronae Borealis 
were put on the same class, although in different subclasses. 

More or less the same faults are encountered in later classifications. For instance, 
A. A. NIJLAND [3] on account of the regularity of the light-curve, grouped togethet 
(although in different subclasses) 9 Persei, 6 Lyrae, ¢ Geminorum, 0 Cephei, and 
RR Lyrae stars, or, respectively, o Ceti, U Geminorum, RV Tauri, ete. 

On this respect we find only a slight improvement in P. GUTHNICK’S system |4 
while that proposed by K. GRAFF [5] is very incomplete. The last one shows, how 
ever, a new feature relative to the earlier classification, because it takes explicitly 
into account another datum which was neglected hitherto: the colour of the stars. 

A very great improvement is found in the classification of H. LUDENDORFF [6 
and L. Jaccuta|7]; indeed, with minor changes and additions the classes considered 


by these two authors have been maintained in all later systems. They served as the 


> 2 


basis for the various catalogues of variable stars edited by R. PRaGER and H. 


SCHNELLER. 


3. MODERN CLASSIFICATIONS 


Although LUDENDORFF’s and JACCHIA’S systems show clearly a much deeper insight 
into the nature of stellar variability than prey ious ones, the first tentative of basing 
the whole system ot classification upon interpretative models is found in the book of 
and S. GAPOSCHKIN [8]: this marks therefore the beginning of the second 
ve in the development of the classification of variable stars 
The four main groups distinguished by the GAPOSCHKINS are 
a) Geometrical variables (LUDENDORFF Class X) 
h) The great sequence (LUDENDORFF Classes V, VI, VII, VIII. IX). 
Cataclysmic variables (LUDENDORFF Classes I, IT, IIT, IV). 
Nebular or extrinsic variables (part of LUDENDORFF Class IIT). 
‘ourse, some relations between the different classes of variables were already 
previously to the investigations of the GAPOSCHKINS, but the point is that 
their work. the classification of variable stars ceases to be a simple list of groups 
stars having the same or similat properties and becomes a rational system in which 
the known facts are arranged in a logical order. 
In this respect the later classifications of L. CAMPBELL and L. Jaccutra [9] and of 
B. V. KUKARKIN and N. F. Frorsa{10| do not add anything really new, although in 
many details they show very definite improvements 
These systems may be considered as quite satisfactory with regard to the various 


lasses. with the exception ol the variables belongin to the main groups (Cc) and (d) 


y 
‘APOSCHKINS. No existing classification of these variables is really satisfac 


‘or instance. KUKARKIN and FLorRJA list among the nova-like variables not 
U Geminorum, Z Camelopardalis, and Z Andromedae groups, but also the 
ie Borealis and RR Tauri stars, which are certainly different from novae. 


Indeed, anybody who has seen spectra of R Coronae Borealis or T Tauri would 


hardly call them nova-like. 


( LASSIFICATION CRITERIA 

\ general criticism all proposed system classification, including that of the 
(G;APOSCHKINS, is that they are based almost exclusively upon the light variations 
although all modern authors were obliged to give an increasing importance to the 
spectrum, too little attention has been paid to this. Of course, light variations are 
exceedingly important and in most cases they are our only source of information 
only for one-fourth of known variables has a spectrum been observed and in very few 
cases it has been thoroughly investig ited. Therefore although there can be no doubt 
that the spectral data give a much more complete and detailed information upon the 
stars, for practical reasons the main criterium for classification must still be the 
lioht-curve 

The usefulness of spectroscopic criterla was emphasized Dy A. H. Joy 1 | 
P. W. MERRILL [12 Gave a short and interesting review of the different types ot 
spectroscopic variations observed in stars, which might be considered (although this 
was not the author’s idea) as a tentative basing of the classification uniquely on 
spectroscopic criteria. The difficult problem presented by the classification of vari 
ables belonging to groups (c) and (d) can be solved only by means of spectroscopic 
observations. 

The spectrum and luminosity fix the position of a star in the HERTZSPRUNG 
RUSSELL diagram. which is believed to be an important indicator of physical 
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conditions. It has long been recognized that some classes of variables lay only in 
given domains of the diagram. Obviously this affords an important criterium of 
classification, having, probably, a very direct bearing with the structure and the 
evolution of the stars in general | 13}. 

Apparently the position of a given group of stars in HertzspRuNG-RUSSELI 
diagram is connected with their statistical properties in the galactic system, that is 
with their space distribution and kinematical properties. Especially in the case of 
Cepheids the subdivision among the two well-known BAApk’s types of stellar 
populations is so sharply defined, that it must be taken into account, although the 
deep meaning of the differences between the two populations is not yet clear. For 
other classes of variables, however, it does not seem always possible to assign them 
to a given type of stellar population [14]; for instance, long period variables shov 
rather clearly an intermediate behaviour. 

As it was said in the introduction, the definitive classification must ultimately be 
based mainly on the theoretical interpretation of facts. At present, we are still very 
far from a complete understanding of all types of stellar variability. It seems how 
ever, that some general principles are already rather well established and we may quite 
safely adopt them as the basis for a rational classification. Especially the two main 
groups (6) and (c) of the GAPOSCHKINS correspond in a very suggestive way to the two 
types of motions in fluids: acoustic waves and supersonic motions (shock waves) | 15}. 

To conclude, the criteria for a rational classification of variable stars should be the 
following 

(a) The light variation, its regularity, the form of the light-curve, its period and 
amplitude. 

(6) The spectrum, its peculiarities relative to normal (non-variable) stars, the 
presence and kind of emission lines, the variations of intensity and wavelength 
(Doppler effect) of spectral lines, and their profiles. 

(c) The position in the HERTZSPRUNG-RUSSELL diagram. 

(d) The ty pe of ste llar population or, more generally, the statistical properties in 
the galactic system (Space and velocity distribution). 

(e) The theoretical inte r pre tation. 

Of course, in practice, only in a few cases will it be possible to apply all the afore 
mentioned criteria; however, we may hope that a classification based mainly on the 
first two and, as far as possible, upon the next three, will be useful to obtain a better 


insight into the nature of the variable stars. 


5. THe Four Matin Groups 
In the following a scheme of classification of the variable stars is proposed, based as 
far as possible upon the criteria described in the preceding section. It was thought 
ady isable to modify the existing classes as little as possible. Names already familiar 
to astronomers for a long time, like ““RR Lyrae class” or ‘‘long-period variables”’ or 
‘R Coronae stars” are so suggestive of a definite type of variability, that to change 
them would only cause confusion and obscurity| 16]. New classes have been introduced 


or old ones have been suppressed only when it was absolute necessary. [Indeed the 


adopted classes and sub-classes are mostly those defined by KUKARKIN and FLoRJA 


[17]; only those corresponding to the main groups (c) and (d) of the GAPOSCHKINS 
have been thoroughly revised on the basis of the spectroscopic data, mainly from 
the Mount Wilson and McDonald Observatories [18]. 


We first distinguish Four Main Groups, which are slightly different from those 
defined by the GAPOSCHKINS. 

I. Pseudovariables or Improper Variables—These are stars which are either not 
variable at all, but seem to Vary for some external circumstances, or in which the 

iiation is limited only to surface layers. Rotation and orbital motion are very 
important in this group. 

Il. Proper Variables with Almost Normal Spectra—This group is the best defined 
of all; it is identical with the GAPOSCHKINS’ great sequence. The veneral characters 
which distinguish the variables of the great sequence are: regular or semi-regular, 


very seldom irregular, light variations of relatively small amplitude (no more than, 


say, 2™: but see section on long-period variables) accompanied by variations of 


Oo B 


the spectrum and radial velocity (amplitude less than, say, 50 km per sec.); general 

progression of spectrum, brightness, form of the light-curve, etc., as functions of 

yne or two parameters, namely the period and, probably, the type of stellar popula 
high absolute magnitude, spectra very similar to those of common stars. 


‘ig. | illustrates the position of the variables of group [I in the HERTZSPRUNG 


Ri SSELL diagram These Stars are believed { be very similar to normal (non 


variable) stars of high or very high luminosity, in which the equilibrium conditions 


are perturbed by some unknown cause, which might not be the same in all of them. 
The general teatures are highly suggestive of radial motions in the form otf acoustic 
waves, which probably change from standing waves in the interior to running waves 
it the surface, where discontinuities or shock-waves might also develop: in many 
Cases the observed phenomena are complicated by changes ot the opacity (veiling) 
which probably mask more or less effectively the original pulsations. 

II]. Prope) Variables with Very Peculiar Spectra The general characters of these 
stars are: very large and abrupt changes of the brightness, which at times is nearly 
constant for several years or centuries (outbursts), accompanied by great variations 
of the spectrum: the spectra do not bear any similarity with that of normal stars and 
anyway show a large display of peculiar and often apparently contradictory features: 
large outwards motions of matter with supersonic velocities. It is difficult to tell 
anything about the position of these stars in the HERTZSPRUNG-RUSSELL diagram and 
the type of stellar population to which they belong, but in the stage of quiescence 
they are probably underluminous relative to main sequence stars of the same surface 


temperature. 
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These changes suggest cataclysmic or explosive phenomena in the nature of 


shock-waves or detonation waves. propagating from some unknown source in the 
interior and producing supersonic flows at the surface. Even during the quiescent 
stages it is difficult to think of these stars as having a structure the same as o: similar 
to normal stars, although in the case of novae it has been often advocated that they 
might represent an evolutionary stage of all stars. 

[V. Erratic Variables—This group comprises stars whose variations are at present 
very little understood; some of them might be related to variables belonging to 
group IIT and others might eventually be shifted to group I. We prefer to keep them 
apart until the mechanism of the variation becomes more clear. Many stars of this 
group are obviously connected with nebulae, which might be the cause of their 
variability, but the kind of interaction is not very simple. Anyway, although the 
different classes are well established, the group as a whole must be considered very 
prov isional. 

In the next sections a short description and discussion is given of the classes which 


form the different groups. 


6. PSEUDOVARIABLES OR IMPROPER VARIABLES 

[A. Kelipsing Variables—No description is needed; the class is well defined and, 
especially if spectroscopic observations are available, there is no doubt about the 
assignation of individual stars to the class. It is usual to adopt subclasses connected 
with the form of the light-curve. Attention must be called upon the subclass 
W Ursae Majoris, which might be composed by stars which are objects physically 
very different from other binaries [19]. 

[B. Rotational Variables—O. StRUVE [20] showed that Be stars possess a rapid 
axial rotation, which leads to ejection of rings as a consequence of equatorial in 
stability; a great number of them are known to vary in spectrum and many in 
brightness too (y Cassiopeiae, Pleione, ¢ Persei, efc.). The light-curve shows irregular 
variations, which in some cases attain more than one magnitude; the spectrum shows 
typical rotationally broadened absorption lines with emission components; often in 
connection with paroxismic stages, typical “‘shell”’ spectra develop lasting for 
months and years. In some way these stars are connected with those of group IIT, 
but they are better related with close eclipsing binaries with gaseous rings, like 
$B Lyrae, SX Cassiopeiae, UX Monocerotis; a connection may be found also with 
group LV. 

IC. Magnetic Variables—According to H. W. Bascock [21] a group of spectrum 
variables and peculiar stars appear to be distinguished from normal stars of type A 
by strong general magnetic fields. In some cases he found that the magnetic field is 
varying in strength and causes the spectrum to vary; no variations of magnitude 
have been detected. 

[D. Spectrum Variables—Many stars, mainly early type supergiants, are known 
to vary in spectrum, while the magnitude is practically constant; some of them are 
included already in classes IB and IC, but others, as, for instance, « Cygni, are 
probably of a different nature and form another class. 

LE. Occultation Variables—It was often suggested that the variation of some 
stars like the variables involved in the Orion nebula is due to screening by nebular 
condensations. It appears, however, that the interaction between these stars and the 
nebula might be of a more complicated nature {22]; in this case they might better be 


assigned to group IV and there would not be any known case of occultation variables. 


variables, which comprises some dwarf stars with emission lines, among which are 
numbered many very near objects like Proxima Centauri, Kruger 60B, and others; 
occasionally these stars flare up a couple of magnitudes, the total time from the 
beginning to the end of the flare being only a few minutes. The total energy of an 
outburst is more or less equivalent to that of the solar flares commonly observed. 
Flare stars seem to be quite common among the M dwarfs: it may even be possible 
that all stars near the end of the main sequence should belong to this class. 

Of course, the cause of the flares might be rather deep seated and in this case the 
Hare stars should be better assigned to group LI; a connection with class [ILC 
U Geminorum stars) obviously suggests itself, but the general character of the 


spectra and of the light variations 1s quite different. 


7. PROPER VARIABLES WITH ALMOST NORMAL SPECTRA 

ITA. ¢ epheids The most typical character of ( epheids is their amazing regularity 
in all respects. Two Cepheids of the same period and stellar population are, appar 
ently, an exact replica of each other. The light-curve repeats itself at each period ; 
even ipparently irregular cases. like Al Velorum, are explained by means of two or 
more periods superposed and when these have been determined the variations can 
be predicted with very great accuracy | 23]. The variations of brightness. spectrum, 
and radial velocity are generally known and need not be described. Cepheids are 
rather sharply divided in 

ITA, Cepheids oO} Population i: which comprise the SO -¢ illed classical Ce pheids, 


with periods from 1°5 to a couple of months. 

ITA,. Cepheids of Population 11, which comprise the RR Lyrae stars, with periods 
less than 145 and a small group of variables with periods clustered around 18", often 
ealled W Virginis stars. 

Apparently many Cepheids with very short periods (less than one-quarter of a 
day) should also be assigned to Population I. 

Both RR Lyrae stars and classical Cepheids may be further divided into sub 
classes. such as. for instance, BAILEY’S a, }, c classes or EGGEN’S classes for classical 
( epheids 95]. Studies on the frequency ot periods ot variables in olobular clusters 
show that these subgroups may have an important physical meaning [26]. 

ITAp. » phei Stars (pe uliar Ce pheids Following the majority of the authors 
we assign this subclass to ( epheids, but it is by no means clear whether it is really 
connected with them. Light variations have very small amplitude; radial velocity 
and spectrum show a complicated periodicity. Orbital motion |27]| or rotation [28 
play an important part and these stars might be proved to belong to group I. 

IIB. Long-period Variables—Characterized by periods ranging from a couple of 
months to a couple ol vears, the light variations are regulat enough, although not as 
much as for Cepheids, and are accompanied by synchronous variations of spectrum 
and radial velocity. The large visual amplitude is due mainly to variations in tem 
perature and veiling; the variation in energy output is not greater than one magni 
tude. Emission lines are present at various phases and are an almost unfailing 
criterium for assigning individual stars to the class. Long period variables range 
with ( epheids in a veneral period spectrum relation (( epheids from A to K. long 
period variables from K to M). The assignment of long-period variables to a given 


IF. Flare Stars—-We put tentatively in group I this newly detected class of 
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type of stellar population is a difficult problem. As a whole they give the impression 
of being an intermediate case, although the shorter periods show a trend towards the 
character of Population II, while the longer are more near to Population I. 

According to KUKARKIN and FLoRJA | 10} the following three subclasses may be 
distinguished: IIB,, TiO stars (spectra Me), ILB,, ZrO stars (spectra Se), ITBg, 
carbon stars (spectra Re and Ne). 

LIC. Semi-regular and Irregular Variables—Obviously this class is very inhomo 
geneous; it isnot even certain whether the variations of some subclasses are primarily 
to be ascribed to radial pulsations. The characters are: a poorly defined periodicity 
combined with late spectral types (from G to M); spectrum and radial velocity are 
also somewhat variable; the amplitude of the light variation is not very great. 
Many of these stars show large spatial velocities and must belong to Population IT: 
according to L. Rostno [29] these latter are connected with Population II Cepheids 
(W Virginis stars). 

KUKARKIN and FLoRJA distinguish the following subclasses (ordered by increasing 
irregularity). 

I1C,. RV Tauri Stars—Characterized by light-curves with alternating deep and 
shallow minima which often interchange their order; spectra and periods intermedi 
ate between and overlapping with Cepheids and long-period variables. The mean 
brightness may be either constant, or variable with a period of the order of thousand 
days. 

IiC,. UU Herculis Stars—Characterized by abrupt changes of the mean value of 
the period; in correspondence with these changes the stars undergo irregular varia 
tions of small amplitude. 

I1C,. AF Cygni Stars—Characterized by a rather definite periodicity from a few 
scores to some hundreds of days, but large irregularities of the form of the light 
curve, or by a double periodicity. Spectra of class M. 

[IC ,. Slow Semi-regular Variables—Characterized by the complete absence of rapid 
variations; the brightness fluctuates with periods ranging from half a year to several 
years and with small amplitude. Spectral types M, 8, R, and N. 

IC... « Cephei Stars—Characterized by pronounced variations with periods 
ranging from half a year to several years and superimposed rapid fluctuations of 
small amplitude. Spectral types M and N. 

[1C,. Completely Irregular Variables—Characterized by absence of any regularity ; 
amplitudes are usually small and fluctuations not too rapid. Late spectral types. 


S. PROPER VARIABLES WITH VERY PECULIAR SPECTRA 

I1fTA. Novae—Characterized by very long permanence at minimum light, followed 
by very abrupt outbursts with an amplitude of more than 10™; very important 
spectral changes interpreted as due to ejections of shells or jets with enormous 
velocities; maximum absolute magnitude around 7m, 

IITA,. Typical Novae—Very short permanence at maximum, followed by a 
diminution of light without secondary fluctuations or with a series of oscillations 
which starts when the light has diminished about 4 or 5 magnitudes from maximum. 


Very typical sequence of spectral features. In at least two cases (Nova Aquilae 1918 
and Nova Puppis 1942) it is possible that rotation is of importance. 
I11A,. Slow Novae—Rather prolonged permanence at maximum with important 


fluctuations of light, followed by a decline slower than in case ITLA, or by an abrupt 


several magnitudes and a partial recovery (deep secondary minimum of 


Nova Herculis 1934 and Nova Aurigae 1892); typical 4 Carinae stage in spectral 


levelopme! OY, 
IITAp. Peculiar Novae—We assign to this class stars like RT Serpentis, RR 
Pelescopi, 7) Carinae, which might be considered as extreme cases of class IILA,, 


nd the FP Cygni stars The connection of the latter with novae may. however, be 


IIIB. Symbiotic Stars \ very interesting class of objects which show an emission 
spectrum of high o1 ver high excitation associated with a late type absorption 
spectru If one accepts the view that these stars are multiple objects, then they 
should be very similar to binary objects like Antares or Mira Ceti, in which a hot 

derluminous star Is associated with a late type giant. R Aquari and RW Hydrae 
provide a link between symbiotic stars and long period variables; Ro Aquari is 
nveloped by a faint nebulosity of a rather peculiar shape. We may distinguish two 
ubclasses, but as a matter of fact each star presents problems of its own. 

I1IB,. Recurrent Novae—Characterized by repeated out bursts in which they behave 

v like ordinary novae, although with some peculiarities, and by typical symbiotic 
spectrul when at minimum light \mplitudes are much less than for common 
novae al seems to be correlated with the iverage time between two outbursts. 
IIIB,. Z Andromedae Stars—Characterized by an almost continuous activity with 


bursts on a smaller scale than in class II1b,, without the typical prolonged 


ermanence minimul 

eet Cay 1/ iriables (‘haracterized by sudden outbursts at intervals from 
ten days to one yvear, whose amplitude (of the order of a couple of magnitude) is 

rreiatead with the average time between two outbursts this correlation when 
extrap ited to tonger periods suggests a connection with recurrent novae and. 
possibly, ordinary novae. The spectra, however, are ery typical {31] and remind 
more of strong axial rotation than of large outwards flows of matter like in novae 
It has been found that the frequency distribution of the lengths of the evcles follows 
the normal law of errors | 32 \bsolute magnitude at minimum light is very faint. 


Two subclasses are usuall\ adopted eet ' / (leminorum stars eet - Z ( amelo 


pardalis stars. The difference between the two consists in that the Z ( amelopardalis 


stars may often remain for weeks at a relatively constant brightness approximately 


one-third of the way from maximum to minimum. 
HID. Supernovae—Light-curves resembling those of ordinary novae. but with 


enormous amplitudes, which probably reach more than twenty stellar magnitudes. 


They are usually divided into two subclasses 


IIID,. Supernovae of Type 1—Characterized by very high absolute magnitude at 


} WY } it 16! y | ohtey very ft -9] liaht-curve | etr t 
MaxXimMu about ) O rightel very Cypical Won Curve wna spectrum hot 


vet inte) preter 


HID,. Supernovae of Type 11—Characterized by somewhat lower absolute magni 


tude at maximum than the other subclass the spectrum Suggests that these supel 
novae might be similar to ordinary novae but on enhanced scale 


9. ERRATIC VARIABLES 


IVA. R Coronae Borealis Stars (‘haracterized by a typical light-curve with a long 


permanence at maximum light followed at irregular intervals by a rapid descent to 


a minimun several magnitudes fainter. and slowel recovery. The spectrum at 
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maximum resembles a normal G spectrum, but with very faint H lines and strong 


bands of the carbon compounds, suggestive of a low H and high C contents in the 


atmosphere; at minimum the spectrum is very rich in emission lines and is remark 


able for the absence of the H lines [33 The sudden descent suggests an explosive 
phenomenon which would connect the R Coronae Borealis stars to novae: W. P. 
BIDELMAN has called the attention upon a possible similarity between the secondary 
minimum of some slow novae and the minima of the R Coronae Borealis stars. In 
both cases the diminution of light might be caused by local obscuration by material 
(carbon particles) thrown off by the star |34 it may be remarked that bands of 
carbon compounds were strong in the spectrum of Nova Herculis 1934 shortly afte: 
maximum. There is no obvious connection of R Coronae Borealis stars with nebulae 

The low H content obviously links these stars with peculiar stars like » Sagittari. 

IVE; AX Ophiuchi Stars This class contains a small number of stars assigned by 
most of the authors to the previous class. However, they differ from true R Coronae 
Borealis stars for the smaller amplitude and for the spectrum which at maximum is 
of early type and during the decline of light de velops a rich emission spectrum with 
strong H lines. The connection of XX Ophiuchi stars with nebulosities is very 
pronounced. 

IVC. 7 Tauri Stars—This class might be called that of nebular variables, because 
in almost all cases, they are involved in nebulosities which often take a peculial 
fanshaped aspect. They are doubtless connected with the emission objects found by 
Joy and by others |35] in various nebula regions ind with the variables of the 
Orion nebula; their link with other objects connected with nebulae, like symbioti 
stars, 7, Carinae and some Be stars (v Cassi ypelae) 1s pl ybbably ot a more s iperficia 
characte! The spectra ure typical with a ery rich emission superimposed upol 
dwarf absorption features; the brightness varies rapidly and irregularly for a couple 
of magnitudes. T Tauri stars are to be found only in certain regions of the sky 


forming a typical example of stellar association | 36 


opulation IT Cepheids of the 


KARKIN and N. F. Fiorsa, loc. cit., Note | 10}. 
juote here the long series of the Mount Wilson contributions by P. W. Merrity, 
ud others (published mostly in the Astrophysical Journal O. STRUVE has contri 
ve excellent reviews of the investigations in this field by himself. P. Swrncs, and others. 
instance, O. SrRUVE, “The Analysis of Peculiar Stellar Spectra’, in Astrophysics, edited 
HyNeEK, Chapter 3. New York, 1951. 
1p. J., 108, 541, 1948. O. Struve, Ann. Ast »phys., 11, 117, 1948; Proce. Nat. Acad. 
1., 35, 161, 1949. 
tal , O. STRUVE'S article in HYNEK’s Astrophysics, quoted in Note 
ip. J., 114, 1, 1951. 
. StRUVE, Publ. Astron. Soc. Pacific, 58, 366, 1946 
Inst. Netherlands, 11, 421, 1952. L. Gratt 
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Population II Cepheids of the Galaxy 


CECILIA PAYNE-GAPOSCHKIN 
Observatory, Cambrid \I 


THE ( epheid variables with periods oreater than a day show a steady progression ot 
light curve with period, long ago pointed out by HERTzSPRUNG (1926). The Hertz 
sprung relationship is traceable, not only within our own Galaxy, but also for stars 
in the Magellanic ( louds. Some stars have long been known to deviate from the 
Hertzsprung relationship, and this has occasioned some questioning of its general 
validity. It now seems clear that the Hertzsprung relationship is valid for classical 
Cepheids which lie near the galactie plane and share the motion of galactic rotation. 
Stars that do not conform to the relationship will be shown in the present paper to be 
associated with Population II. 

An attempt to express the shapes of the light 
by means of Fourier analysis was made by the present writer 


curves of Cepheid variables in 
objective terms, 
PAYNE-GAPOSCHKIN, 1947). No physical significance was attached to the Fourier 
components, but they showed a clear progression when plotted against period. 
This progression was displayed separately for the variable stars in the two Magellanic 
Clouds, and for most of the Cepheids of our own Galaxy. There were slight differences, 
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possibly of significance, between the patterns displayed by the two clouds and the 
Galaxy. There was, however, a group of stars that fell into a quite distinct pattern, 
and included the distant variables in the direction of the galactic centre. Analysis 
of the variable stars in the globular cluster Omega Centauri showed a pattern very 
similar to the pattern displayed by these “‘Sagittarius stars”’ 

In concluding the paper just quoted, the suggestion was made that: ““A guess may 
be made that [the difference of pattern for stars of different groups] results from 
physical differences between stars of similar period in different districts. It seems 
certain that differences of luminosity, if they exist, must be very slight. . .”. The 
intervening years have shown that the last statement was erroneous; we know now 
that the Cepheids of our Galaxy are between one-and-a-half and two magnitudes 
brighter than the periodic variables in globular clusters that have similar periods. 
The difference of pattern, or, what comes to the same thing, the difference of light 
curve, between the majority of Cepheids in our Galaxy and the Magellanic Clouds, and 
the periodic variables in globular clusters and the “Sagittarius stars”’ may now be 


seen as part of the difference between the Cepheids of Population | and Population IT. 


Difference in the forms of the light curve is not the only distinction between the 
Cepheids of Population | and Population Il. The study by Joy (1949) shows that 
the spectra of the latter stars differ from that of the ~classical’’ Cepheid. He 
found for this group of stars that 70 per cent showed bright lines of hydrogen. 
The hydrogen lines reached their greatest intensity as the brightness of the star 
increased. As compared with galactic Cepheids of like period, the spectral types of 
these variables in globular clusters are earlier, especially at minimum light, and the 
hydrocarbon (G) band is not found in their spectra. 

The intrinsic variable stars that are found in globular clusters, and may therefore 
be associated with Population II, RR Lyrae stars, the Population II Cepheids, and a 
group of stars of longer period, are described by JOY in the paper pre\ iously quoted. 
These stars all have their galactic counterparts which we associate also with Popula 
tion II the RR Ly rae stars, the so-called W Virginis stars. and the so-called RV 
Tauri stars, and the yellow semi-regular variables. All these galactic stars share the 
spectroscopic property just mentioned for the intrinsic variables in globular clusters 
they show bright hydrogen lines, particularly on the rising part of the light curve. 
No classical Cepheid displays this property. 

An even more striking feature of the behaviour of the intrinsic variables of Popula- 
tion II lies in the fact that their velocity curves are discontinuous. The discontinuity 
was discovered for RR Lyr by StRUVE and by SANForRD; for W Vir it was discovered 
by SANFORD; and the same investigator also noted discontinuity of velocity curve 
(from the doubling of the absorption lines at certain phases) in the so-called RV Tauri 
stars AC Her and U Mon. No doubt these distinctions between the Cepheids of 


Population I and those of Population IL point to significant physical differences, 


which are associated with the difference that produces, at the same period, a differ 
ence of absolute magnitude that amounts to between one-and-a-half and two 
magnitudes. 

The classical Cepheids that belong to Population I are found to be closely confined 
to the galactic plane, and also to share the motion associated with galactic rotation. 
It is therefore of interest to examine the intrinsic variables whose periods lie between 
| and 40 days, and whose distance from the galactic plane is greater than the limits 


within which the classical Cepheids lie. Such stars may well represent a group of 


galactic variables that belong to Population a, 


stars by means of this criterion, we shall limit ourselves to stars that 
ie more than 250 parsecs north or south of the galactic plane. The distances of these 


ind therefore their distances from the galactic plane. are subject to the 


incertainties inherent in their apparent magnitudes, and in the correction that must 


made ite obscuration. We have corrected the distances tor an obscuration ot 


three-quarters of a magnitude per kiloparsee within a plane-parallel layer 500 parsecs 


thick, which is very likely an underestimate in some directions, and an overestimate 


LICK. 
in others, depending upon the way in which the obscuring material is distributed 


the spiral structure of our Galaxy. Because of the uncertainties mentioned we 


nay have included some stars that are actually closer to the calactie plane than 


P50 parsecs., or excluded some that are more distant. and for this reason the stars 
h asterisks are included in the tables. We have. furthermore. restricted 


r choice to stars for which reasonably good light curves are available. 


The variable stars selected by this process prove to lie within two ranges of period. 


The majority vary with periods between 10 and 35 days: but an appreciable numbet 
These two groups correspond to the groups that 


have periods between | and 6 days. 


ial clusters and deseribe I. respective ly LS short period’ and 


TOY recognized in olobu 
W Virginis stars. The two groups are summarized in Table | a 


nd Table 2 respectively 
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From the catalogue of variable stars in globular clusters compiled by SAWYER 


1939) we deduce that 60 per cent of the intrinsic variables in clusters with periods 
over a day have periods between | and 10 days: H() pel cent have periods greater 
than 10 days. This estimate excludes the irregular and the long-period variables in 
the clusters. The variable stars selected by distance from the valactie plane show a 
division into 36 per cent with periods between a day und 10 days, and 64 per cent 
with periods over 10 days. The numbers of galactic stars of this kind, however, are 


certainly affected by observational selection. As those of longe period are intrinsi 


VC 
C 
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cl 4 roug| | oreatel 0 me ot space. ind ippeal 


In disproportion ite numbers In our fin ul list. \ pla isible correction in terms ol the 


+ 


ite magol itude hetween ie TWO Groups N ioht even result in the 


ditterence of absolu O 


conclusion that the snort perloa variables are as numerous as, or even more 
numerous than those with periods oreatel than 1) davs The distribution Ot the 


periods of the variables within globular clusters will be somewhat modified by the 


recent discussion of Arp (1953). The material for the Galaxy suggests that the 
proportion of long and short periods may not differ greatly between the galactic 
field and the globular clusters (considered as a group However. the long-period 
group in the Galaxy is almost entirely concentrated between galactic longitudes 
280° and 0°, so that they represent a large volume 11 the direction of the galactic 


centre. Half the short-period group, and over 90 per cent of the long-period group, 
are concentrated in the central quadrant of galactic longitude 
The light curves ol the stars that have been selected on the basis of distance from 


ine show some interesting features, which are illustrated in Figs. 1 
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and 2. The first point that strikes us when we compare them with the light curves 
that display the Hertzsprung relationship (see, for example, PAYNE-GAPOSCHKIN, 
L951) is their departure from that pattern, 

The light curves of Fig. 1. which comprises periods between | day and 4 days, 
do not show a regular progression, but they do show several predominant patterns. 
Those of V 1052 Ser, XX Vir, and VX CMa are very similar to those of ordinary 
RR Lyrae stars, as are those of DE CrA and CE Her (not illustrated). There seems 
nothing improbable in assigning this group of stars to the RR Ly rae class. It isa 
coincidence that the upper limit of periods for the RR Lyrae stars is about 24 hr; 


the existence of a small number of RR Lyrae stars with periods a very little above a 


day is not improbable. The stars E’'T Car, Bt Pup, and BD Pup, included in Fig. 1, 
actually lie close to the galactic plane und are accordingly absent from Table 1. 


Some stars of Population Il will always be found near the galactic plane; the signifi 


cant feature is the absence of typical Classical Cepheids” from our lists of stars 
distant from the plane. 

When the stars with light curves resembling those of RR Lyrae variables have 
been removed from the group of short-period stars, we still do not find a uniform 


progression of light curve with period among those variables distant from the 


galactic plane. There are, however, groups of very similar light curves, such as those 


of WY CMa, V 527 Ser, and BL Her. These stars have their counterpart in variable 
No. | in the globular cluster Messier 15. The stars KZ Cen, UY Eri, V 465 Oph, and 
XZ CMa are equally similar to variable No. | in globular cluster Messier 13 (period 
1°459). At slightly greater periods, we find the remarkable light curves of VZ Aq, 
V 839 Ser, and the equally striking BE Pup, which are very like those of variable No. 
6 in Messier 13 (period 2°113). 


The stars of Fig. 2 have periods between 6 and 30 days. They show a greater 


t4s 


uniformity of pattern than those of Fig. 1. though there are still considerable 


differences of light curve from star to star. 


irves shown in Fig. 2 are t of g t precision, and accordingly 

ire of significance: the rather slow rise to maximum, and 

unced shoulder on the way down, leading to a considerable narrowing of the 

minin n. aS compared with the hgh ‘urve ‘lassical Cepheids of comparable 
period in Population I, such as U Nor, TT Aql, SZ Aql, and VX Cyg. Two such 


KK Cen and SZ Aql, are inserted in Fig. 2 for comp mn 


les | and 2 deserve extensive study. Little is known about 
their velocity curves. They should furnish a working list for 
the study of the properties of variable stars that belong to Population II. 


The relationship between the stars of Tables 1 and 2 and the so-called RV Tauri 


ind vellow semi-regular variables is of interest. for similar stars are found in globular 


clusters. and the galactic examples are cert uinly associated with Population Ty. A 


list of such stars is given in Table 4. 


‘he galactic RV Tauri stars tend to share the physical properties of the W Virginis 
stars: they show the bright lines of hydrogen during the rise of brightness, and 
several have been observed to display discontinuous velocity curves. They are, 
however, evidently not a mere extension of the W > Virginis stars towards longer 


) 


periods, as is brought out by a tabulation of the frequency of log P. M irked frequency 
minima separate the three STOUps. 

The distribution in galactic longitude for the stars of longer period is more uniform 
than for either of the other groups: only 31 per cent of them are concentrated in the 
central quadrant. 

The physical study of the three groups of variables that have been enumerated 


will contribute to our knowledge of the stars of Population Il. It is noteworthy that 


SX Cen 
DF Cyg 
SU Gem 
TT Oph 
V 360 Cyg 
AD Aql 
S Vul* 
RX Cap 


) 


only one star in Table | and four stars in Table 2 are brighter than the tenth magni 


tude, whereas Table 4 contains twenty such stars. Perhaps RV Tauri and semi 


are relatively commoner in the galactic field than in globular 
Such 


regular variables 
clusters, just as variables in the short period group may tend to be rarer. 
data, in conjunction with studies of physical properties, will contribute to an under 


standing of the relation of the intrinsic variables to their environment. 


Arp, H. ¢ . California Inst. Technology 
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Spectrophotometric Observations of Cepheids at Arcetri 


MIARGHERITA Hack 
Astrofisico di Arcetri, Fir 


1. INTRODUCTION 


programme of astrophysical research at Arcetri has included photo 
itions of ¢ epheids made with the Newtonian prismatic reflector and 

‘tor by Trercy (1927, 1928), CoLacevicn (1930, 1932, 1933), 

1943 In 1944, I started a spectrophotometric series, using an objective 
refracting angle of 6-1. attached to the Newtonian reflector (2-27 m 
iperture 30 cm) in order to study systematically the behaviour of a 

of variables. This article will summarize the work done and the 

cht vears (Hack, 1946, 1948, 1952). The Cepheids investigated 

lowing: FF Aql, T Vul, SZ Tau (in collaboration with BALLARIO, 1950), 
| the short-period Cepheid of the # Canis Majoris type 0 Scuti (HAcK, 1953). 


urpose of the research was: (a) to determine the monochromatic light curves 


L000) ind 6000 A, and consequently the variation of the amplitudes as a 


avelength 4) the determination of the oradient temperatures 

comparison star. chosen among those present 1m the field of the 

‘tral type between BO and AO. For such stars it is possible to assume 

that, because of the small number of absorption lines present, they may radiate, to a 
sufficiently good approximation, like a black body; (c) the determination of the spectral 
type from the energy distribution of the continuous spectrum d) the comparison 
between the observed amplitudes and those computed by means of the gradient 
temperature on the hypothesis, based on the pulsation theory, that the radii of the 
Cepheids at maximum and minimum light are equal; (¢) to measure the intensity 
variation of the principal absorption lines as a function of the phase, and consequently 


to determine the spectl il type trom the behaviour of the abs ption lines. 


LIGHT URVES, AMPLITUDES, AND GRADIENT-TEMPERATURES 
For our four normal Cepheids, the light curves have been determined for nine 
‘lenoths from 4000 A to 6000 A. 

With regard to the shape of the light curves. for FF Aql and SZ Tau the variation 
is very nearly sinusoidal, but T Vul and S Sge show the characteristic feature that 
the light decrease from the maximum is slower than the rise from the minimum. 
In the s Sge curves there is clearly visible a pause at about the middle of the descen 
ding branch of the curve. which is a well-known characteristic of the ¢ epheids of a 
period between 5 and S days. For T Vul the presence ot a pause in the descending 


branch of the curve is doubtful. The mean error of the measures does not permit 


conclusions as to whether there is 


a shift of the maximum and minimum with the 
wavelengths, as the shift in phase, if present, is less than the mean error of the 


observations. 


It is interesting to note that for the four stars investigated the amplitude is a 


linear function of 1/4 within the limits of the observational errors. The amplitude is 
given in the Wien approximation by 
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Fig: 1. telationship between the a 


light : 
A; and ive the emissivities: 7’ and ¢ the true surface temperatures; 7’, and ¢. the 


ive the radii of the stars at the maximum and minimum of 


radiation temperatures (an unknown function of 4 if the stars do not radiate like a 
black body). The fact that A; is a linear function of 1/2 proves either that log Ak 
sa linear function of | 2. or that log Ak is constant. On the other hand, the deter 

ination of the gradients of the single stars relative to a comparison star of B type 


lable 2) proves the existence of only one relative gradient. 
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nel itive radient is 
/ 
a: 3 
< 1OU 
/ | | 
: 0-434 . c, | 
L/4 io / / VC 
where the indices v and c refer to the variable and to the comparison stal respec 19 
ively), on the hypothesis that the comparison star radiates as a black body and 
therefore has the same gradient temperature throughout the interval considered. 


It follows that it is possible to determine a unique oradient temperature for the 


iriable in the same interval. and that the variable radiates like a black or grey body. 
Therefore log A k is constant. 7 tims gradient temperature) and we can 


write for 4 fil 4 


If the pulsation theory is true. the radial velocity curves (which for these four stars 


have the characteristic mirro! image relation to the light curves prove that R rs 
Therefore, using the above equation and substituting the values of (1 7’ lf 

given directly by the oradient of the straight line A f(1 2 It 18 possible to com 
pute the amplitudes of the light curves on the assumption that log A A 0. When 


this is done, it is found that the computed amplitudes are considerably larger than 


4 1 1 
those observed 


l } 
I SZ ss s 
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Ss} rum from absorp nes F5-F9 F4—-G5 F6-GO F3-G2 A5-A7 


MARGHERITA HAckK 1153 

This disagreement between the observed and computed amplitude may be ex- 
plained either by the hypothesis that log R) ( and the star radiates like a black 
body; or that the curves give the radii correctly, but that log Ak 0 and the star 


radiates like a grey body with an emissivity less at maximum than at minimum. 


Table 4 


O-O56 
0-164 
0-045 0-O8S8 
0-232 0-464 


In Table 4 are given the values of log R/r and log K/k computed from the 
differences (A comp. Aops.). The observed linearity of the function A f(1/2) and 
the existence of a unique gradient relative to a comparison star of type B (on the 
hypothesis that this one radiates like a black body) suggest the following conclusions. 

(a) It may be that the pulsation of the variable is different from the one shown by 
the curves of radial velocity. These would give the pulsation law of the outer layers 
in which the absorption lines originate. The pulsation of the photosphere responsible 
for the luminosity variation of the star would be out of phase compared with that of 
the atmosphere. 

(0) Alternatively, the emissivity at minimum may be greater than that at light 
maximum, but nevertheless remaining in both cases independent of wavelength. It 
is to be noted that the influence of the absorption lines can be neglected as we chose 
for these measures spectral zones corresponding to windows of the continuum 
that the wings of the absorption lines do not cause appreciable error at wavelengths 
creater than 4000 A, seems to be established by the results found above. 

It may be, however, that these factors taken together contribute to the disagree 


ment between the amplitudes observed and computed. 


3. DETERMINATION OF THE SPECTRAL TYPE FROM THE CONTINUUM AND 
FROM THE LINE SPECTRUM 
The gradient temperatures have been determined (as already mentioned) relative to 
the various comparison stars given in Table 2 whose gradients are deduced by 
means of the spectral types taken from the HD-Catalogue and according to BRILL’s 
data (1932). In order to establish a precise comparison of the four Cepheids, it would 
be necessary to determine the gradients relative to the same star, preferably one for 
which an absolute measure of the luminosity has been made, and to determine the 
gradients of the comparison stars relative to that one. I will proceed to that reduction 


as soon as a greater number of cepheids have been observed. For the present, the 


temperature gradients given in Table 3 are deduced from the gradients relative to 


different comparison stars. 

Using Britu’s data, the temperature has been converted into the corresponding 
spectral type, and this is therefore exclusively based on the continuum. 

A determination of the spectral type has then been made by investigating the 
variation of intensity of the absorption lines. 

As the dispersion is rather small (170 A per mm at Hy) it has been possible to 


eCAaASUre only the more mtense lines that is. the lines Ot the Balmer series, H and IX 


tf Ca mu. band G. and 4227 
intensities. which n L\ he considel bly affected by blends. Is the variation with the 
period The maximum intensity corresponds to the maximum of light for the 
vdrogen lines. and to the minimum for the lines of calcium ind band G. 

The determination of spect! il type from the behaviour of the lines (Table 3) 
srees for the two stars T Vul and SZ Tau with the determinations made using the 
‘ontimuul but for FF \q| ind S Sge the latter determinations indicate an earlier 
pectral type t is well known that an energy distribution corresponding to a lower 
temperature than that shown by the line spectrum is generally an indication of high 
Dsolute luminosity In tact accepting the value of the pal illaxes as given by the 
Yale Catalogue (although these are small and therefore subjected to large errors) we 


tind that FF Ag] and S Sge have parallaxes considerably smaller than the other two 


stars lable D The \ ilues D ure 1 ken trom the (Jenne al ¢ ataloque Oo; 1" igonometric 
Parallaxes (Yale University Observatory, 1952): and the p, from the Catalogue of 


Bright Stars (Yale Universit Observatory. 1940). which are deduced by the combined 


exe) | eTtric. avnam ma spectroscopic values 
S7 Q | 
t. THE SHORT-PERIOD CEPHEID 0 SN 
he work o} ) Sct has been carried out in the same way as for the four normal 
{ epnelas et us see how the results for this star agree with those found from the 
ther { ( ry} Pap {34 } |] 1e the mnlhtude t |] le » 
( rou ephelas ecause OT ITS SMALL Value l¢ implitude is not so well dete! 


mined as nat of the other stars. but it seems certain that for 0 Net the amplitude 


es Hecome gre el ith ce easll \ elen ! hut the linear relation between 
{ and | S t so well defined as for the preceding stars. The light curves aré 
sinusoida The implitudes range from 0-20 at 5575 A to 0°30 at 1070 A 
\ determination of the gradient temperature has not been made as it was not 
possible to find a proper comparison star in the field of this variable. But if we 
ssume it O Sct radiates as a black body the inclination of the straight line 
| 4) gives for (1 f WES he he ue S 10 Using this value to compute 
the amplitudes (assuming log R 0. log Ah 0) we find values in very good 
igreement with those observed. Therefore this short-period variable seems to behave 


differently Tron the othe (Cepheids ind the radial elocity curve seems t » show the 


iriation of the effective radius of the photosphere and not that of the outer lavers, 


{ 


SIONS 
We may conclude that these results for the Cepheids here investigated show the 
eresting fact of a linear variation of the amplitude with the reciprocal of the wave 


length. The variation of temperature, which should be the only cause of difference 


ot Cal \ore interesting than the absolute values of these 


L5 
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between the amounts of maximum and minimum light, since the curves of radial 


velocity give the same values for the radii at the two epochs, is too large to explain 


the amplitude actually obser ved, 
We may advance as the most probable explanation the hypothesis that the 


pulsation of the photosphere is out of phase with that of the outer atmospheric layers 


and that at maximum light the star has maximum temperature and minimum radius 


and conversely at minimum light. 
The short-period variable 6 Scu, however, shows a temperature variation in agree 


ment with the amplitude actually observed. 
Of course, we cannot state from these preliminary results that this is a ¢ 
istic which differentiates the long-period from the short-period Cepheids 


observations will perhaps vive a definite answer to this question. 


BALLARIO, M. C. and Hack, M 
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The Problem of RR Lyrae Stars with Several Periods 


DeETRI 
B 


INTRODUCTION 


i the short period { ( pheids . 4" e stal ‘peat then light curves 
» period with great regularity. although the periods themselves are 
id slow changes. Some of them. however. show striking changes 


um of the hioht curve iS Was first reported by 


nn » 
AZH KY 1925 


1926) and SHAPLEY (1915, 1916) nearly forty vears ago Krom long 
I observations, extend! over two decades. BLAZHKO succeeded in demon 
n the case ot es { vo an R\ Dra that the changes 1n the shape ot the 
od light-curve can be fitted by a longer period. Russian authors therefore 
Similar results 


1922? 


ATIONAT \IATERIAI 


1935 with an inve gation of the light-curves 

of RR Ly ve Stars. using a 16-cm photographic 

be hoped that by scrutinizing both problems a better insight can 

still unknown mechanism of these stars. Furthermore, the analysis 

proved te ‘cular terms, may also be of cosmo 

periods can » determined with incomparably greatet 

physica f these stat Sooner or later, changes in 

these periods : ie 1 ‘hanges 1 her characteristic data on which 
the periods are dependent 

Up to date nearly 80,000 photographs have been taken for forty-six RR Lyrae 


stars. and the greater part of this material has already been measured and discussed. 
g 


Since 1950 our 24 1n. reflectol has heen engaged in photo ele ‘Tric work On S\\ And, 
VZ Cne, RZ Cep. RR Lyr, and RU Psc. With the same instrument also the period 
variations of the variables in the globular cluste 3. M5. M15. M56, and M92 are 
inde obser) 

In recent years a number of important investigations of this problem have been 
‘carried out also at other obse1 itories Results of creat interest have lescinins gililiecdinainall 
by the Leiden observers. OOSTERHOFF (1946a). WALRAVEN (1949). and MULLER 


1953). tor RS Boo. RR Lyr, eA vg and especially for the two bright ultra-short 


period southern variables Al Vel and HD 233065 (WALRAVEN, 1952, 1953). Of 


utmost Importance were the co-operative Investigations by the McDonald and 


Leiden Observatories, achieving simultaneous measurements of radial velocity and of 
brightness for RR Lyr (StruveE and BLavuw, 1948) and XZ Cyg (STRUVE and VAN 
Hoor, 1949). At Cordoba, Gratrron and LAvAGNINO (1953: GRATTON., 1953) 
l termined the Variations of the radial velocity curve ot Al Vel. All these observa 


i 
1e | 


tions have demonstrated that the velocity curve changes in conformity with the 
periodic fluctuations in the characte1 of the short-period light-curve. Furthermore. 
» spectrographic observations by STRUVE (1947, 1949), SANFORD (1949, 1952), and 


Apr (1952) of RR Lyr and W Vir have thrown new light upon the entire problem 


ot ( epheid Variation. 
3. DISCUSSION 


which contains much unpublished material, summarizes the present data 


RR Lyrae stars which show variations in their light-curves. The funda 


mental period is denoted by P,. the period of the light-curve variations by Py 
For some stars there exists a second period, P,, with which light-curve fluctuations 


of the same character are connected as Is the case with Pr, The quantities Am, and 


Am, denote the total amplitude of the variation of maximum light (during P?, and 


PS respectively ; expressed in magnitudes. A is the mean amplitude of the short 
period (P,) light-variation. The quantities 0; Am, A and Ov Am, A characterize 
in some manner the strength of the light-curve variations 
It is apparent from the table that according to ¥ the stars form two Groups. In the 
first. P, is shorter than a day. The ultra-short period variables belong to this group, 
hut A¢ ‘And shows that the latter is not confined to such stars. In the second STOup, 
P, is much longer than P,. Fig. | illustrates how, in this case, the light-curve is 
changing during a cycle of P,. It is sufficient to consider only the ascending branch 
maximum of the light-curve. as the changes ilong the descending branch 
are scarcely perceptible. 
The light-curve variations in Fig. 1, especially the appearance of a surge in the 
owest Maximum, resembles the special type of wave-form arising from the super 
position of two waves when one frequency is nearly a multiple of the other. Con 


sequently, the period P is in general considered as a beat period, arising from the 
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interference of the fundamental period P, with a shorter period p,, the shift of the 
maximum being from right to left. As the oscillation p, affects only the neighbour 
hood of the maximum, and the superposition of p, with P, is far from being linear, 
the commensurability factor of the frequencies, and consequently p, itse!f, cannot 
be unambiguously determined from the observations. 

As can be seen from Fig. 1, the changes of the light-curve are essentially composed 


of oscillations in phase and height of the maximum of the curve. The variations are 


0 .Ss 
8 


Fig. 2 {hove Variation o 


maximum brightness during the secondary pet 


graphi rvations by BALAzS and DetrR}i 


much less pronounced for minimum light. As the phase-shift of the minimum is 


opposite to that of the maximum, a strong variation can be observed in the slope of 


the rise to maximum. The phase-shift curve of maximum light generally stands in 
But 


the same phase-relation to the brightness of the maximum as shown in Fig. 1. 
there are exceptions to this rule and the phase-relation mentioned can vary with time 


even for one and the same star (Fig. 2). 
For stars in the first group the light-curve obviously does not take during one 
cycle of P, all the forms shown in Fig. |. But Fig. 3 shows that essentially the same 


things are going on here, too. 


\ different picture has been obtained for SW And (Fig. 4). Here the maximum 
brightness shows only insignificant changes, if any, but a hump periodically appears 
und disappears on the ascending branch. Now, SW And is an anomalous RR Lyrae 
star, probably of Baapr’s Population I, while most RR Lyrae stars are typical 
representatives of Population II. 

If there also exists another period P,, the system of light-curves will be different 
in different evcles of the period ri As we know from the observations, the oscilla 


tions P, and P, are combined in a very nearly linear manner. Very curiously th 
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| 
| | 
’ | 
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J P ( : 
u1L0 2 << for all stars is clos ly the sam ra It Is Customary to considel also i. 
iS a he il period ot two oscillations P ind Do B it the constancy ot P. Pr. and the 


fact that for RW Cne, RZ Lyr, and Y LMi the period P, surely cannot be inte 


preted as a beat pe riod makes it probable that P., is a real period for all stars 


{. THE CHANGES OF THE PERIODS 


fter the observations have been extended over some vears the periods ie and 
Pr turn out not to be constant. The same is true fo rs is Was shown for RW Cne. 
\fter some time long-period terms can be established in the variations of P, and P,. 
In the case of P, this was demonstrated for RW Dra and RR Lyr. In the light 
variation of RW Dra we established until now not less than five periods and a sixt] 


IS SUS] ected (see Note TO Table | 


As an illustrative example I may take the star RR 


. Lyr. The light-curve of the 
principal period re 025668 changes with a period P, 10°7. The upper part of 
Fig. 5 shows how the phase of median magnitude on the ascending branch is osci 

lating in successive cycles of the secondary period i \s can be seen, the amplitude 


of this oscillation varies in a longer period, P, 1224. found first by WALRAVEN 


1949). The variations of P, and P, are shown in the lower part of Fig. 4 by the 


so-called (O-C)-diagrams, on which are plotted the residuals in the observed times of 


i fixed ph use 1n ig and ss compared with time computed with a constant period, 


savoddestp usyy pur ‘s mec yoqeR IO] JSIXO YoIUuRAG SUIPUd 2 ol uO SGOJIAGp 
dummy R step Le Jo apoAo B UY (auLaq Aq SUOIPRALISGO 9 JOII]o oyoud puy \AN pl nydo Te) yi Ol SHOTBULOUB BY} JO SUOTIBLIBA rAUTIO 1S] By 
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In the diagram for ?, our photographic and photo-electric observations, extending 
ver 15 years, demonstrate the presence of a period P. of about 1000 days superposed 
1. much longer cycle. If we now construct the same diagrams for different 

the ascending branch of the short period licht-curve they will (while show- 

ng the 4000 days cycle) not run exactly parallel to each other. That is, the slope of 


t] to Maximum varies not only with P, and P 


ne rise 


. but also with P,. These varia 


. We have obtained 


tions are of the same characte as those associated with r and P 


the same results for RW Dra by discussing the effects on 
ol the Ong periods i. 7:4 und rs } | years. We ha 


evcles. short Ol long. 


form of the light-curve 
ve thus demonstrated that all 
are connected with light-curve variations of the same type. 
The period P, of RR Lyr is conspicuous also in the (O-C)-diagram for P,. Here, 
causes beside changes In the leneth Ol r also changes In the umplitude ot the light 
curve oscillations connected with r itself. In the case of RW Dra this holds likewise 
for P. and we The differences between the left and right halves of Fig. 
explained by the presence of these periods. 


+ 
lt 


2 can be 


As lar as the radial velocities are concerned only changes connected with '< 


could hitherto be studied. One would think that the composition of two periods is 
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much simpler for the radial velocities than for the light-variations, where a large 
degree of intermingling must be taken into account. But this is only partly true. 
As GRATTON and LAVAGNINO have shown for AI Vel, although the amplitudes of the 
changes in the maximum and minimum radial velocity are equal, the composition 


of Py and P, is otherwise not linear. 


5. THEORETICAL CONSIDERATIONS 


The theoretical side of the problem of RR Lyrae stars showing multiple periodicities 
is very similar to that of the Beta Canis Majoris stars, which were recently reviewed 
by STRUVE (1952), though the physical differences between the two groups of stars 


may be very large. Multiple periodicities can be present in a pulsating star if, besides 
the fundamental mode, some higher modes are also excited. This can be caused by 
resonance, if the frequency of a higher mode is nearly a multiple of that of the funda 
mental mode. KLUYVER (1936, 1938, 1947) and WourserR (1937, 1946) have sug 
gested that the period P, is due to a coupling between pulsations in the fundamental 
mode and in another mode, the period of which is nearly half that of the principal mode. 
SCHWARZSCHILD (1941) has shown for the standard model that for a reasonable value 
of the ratio of the specific heats there exists a close 2: | commensurability between 
the first and second modes. 

Now, there exists (see our Table 1) a remarkable statistical correlation between 
the lengths of the secondary periods and the quantities 6, and 6,, which are propor 
tional to the relative variations of maximum light, and in this way characterize the 


strength of the light-curve variations. This correlation is represented in Fig. 6, and 


if P, is interpreted as the beat-period of two commensurable periods, it can be 


expressed as follows: the closer the commensurability between the interfering 


periods. rve changes caused by this interference. This is 
actu illy i ty reasonably expected. So we must abandon the 
il expl ination of the changes of the light and radial 


yme into being also by rotation. The general effect of 


can Ct 


is Was shown by LEpoux (1951) and by CowLINnG and NEWING (1949) 


»each free period of a non-rotating star, there are several free 
ter, some smaller than the original period. By 


ir, Some grea 

pe riod of the two simplest oscillations, LeEpoux (1949) 

rotation the neat expression P,,, 1-6P,. This would 

i Pax, but the effect of rotation on the 

r of spectral lines should be well observed in such stars as Al Vel. However, 
tect was observed 

And the hy pothesis Was proposed Li RJE. 1950) that this is a close double, 

an RR Lyrae star. But the spectrum of this star, studied by 


i component 
H 195] excludes this possibility. 
lioht ot the above 


+ 


hink the solution of the problem must be sought 
ntioned results of STRUVE, SANFORD, and ABT. According to these, the atmosphere 
Lyrae star receives pulses or shocks from the interior in intervals Pp, 
shock waves have a pulsation period 2P, in the atmosphere. The atmosphere 


one falling into the star. the othe moving outwards. 


‘onsists of two lavers, 
the steep fall in the radial 


oscillation of these lavers can be nearly harmonic 
ty from maximum to minimum, and the corresponding steep rise in the bright 
belonging to maximum 


irises trom the over! ip ol the two cvcles the component 
rly part of the overlap, and the component 
t the end of the overlap. Now. the 


hess, 
velocity tends to predominate in the ea 
ynpanving the curve at minimum does so a 


and light-curve are essentially confined to this overlap 


LCCC 


iriations in the velocity 


rough the interaction of 


which may probably suffer periodic disturbances th 


the two waves 
Before discussing this problem further, however, one must first be convinced tl 
eToOre CGISCU me This pro em turther. however. one mu first e COonVInced that 


the phenomenon of the overlapping of two layers is not a freak occurrence fo 


RR Lyr and W Vir. VZ Cne will now give a good opportunity for further study, 


since it IS nearly as bright LS RR Lyi Kon Sin lle instruments the search for hew 
RR Ly ve stars hav ing multiple periodicities and the determination of these periods 
continues to he in att active and valuable field Ot investig wwion 
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Photographic Light Curve of Eta Carinae 


K. O’CONNELL, S.J. 


1. INTRODUCTION 


[XN 1837 Sir JoHN HERSCHEL, during his stay at the Cape of Good Hope, noticed that 


» Carinae had increased greatly in brightness (HERSCHEL, 1847). HALLEY had 


observed it in 1677 as a fourth magnitude star, and LACAILLE in 1751 classed it as 
of the second magnitude. HERSCHEL found it to be nearly zero magnitude. Since 
that time, 7 Carinae has attracted attention as one of the most remarkable stars in 
the sky. INNES (1903) gives a history of the star and the visual light curve to 1902. 
By 1843 it had reached [™ and was second only to Sirius in brightness. By 1886 
> 


it had faded to about 8™. It then brightened again and reached 6™ in 1889. By 


1897 it had again faded to about 8™ and remained at about that level for many years. 


At the end of January, 1952, be VaUCOULEURS, who had just arrived for the first 


the Southern hemisphere, observed the sta visually at the Commonwealth 


Time 1n 

Observatory. Mount Stromlo. He noticed that it was about one magnitude brighter 
he expected. During the next few months visual observations by bE Vaucot 

RS and photoelectric observations by EGGEN and Hoge at Mount Stromlo 


that the star was still brightening. 


er 
A 


t of Dr. DE VaucouLeurs, the writer examined the Riverview 


e request 
ry plates of the region and found that the brightening had begun several 


previously. Preliminary results of the observations were communicated to 


| 
VAUCOULEURS who gave a summary of them in his paper on 7 Carinae (DE 
"AUCOULEURS. 1952). The magnitudes of the comparison stars used for these prelimi 
ry res ilts ind also the estimates, were only provision il The magnitudes have 
n determined more pre isely. More plates have been used and the earlier 


revised. The observations. reduced with » revised magnitudes, are 


this pape 
2. (COMPARISON STARS 
listed in Table 1. Successive columns give: (1) 


DE VAUCOULEURS’ designation 3) HD number: 


from the HD except for stars k and |, for which the spectra were taken 


om Boxk’s Doctorate Thesis (1932 5) C.P.D. number: (6) photographic magni 


were determined from comparison with six stars of DE 


tude. The magnitudes 
VAUCOULEURS’ sequence, for which EGGEN (1950) and HoceG at Mount Stromlo had 


determined magnitudes on their Pg, scale (privately communicated), and with the 


sequence fol the 7» Carinae field determined by BoK ind VAN W IJK, also on the ine 
| * ! 


scale (1952). The measures were made with a graduated-image scale on six plates 
taken with the G camera if River\ lew. The six stars Ol EGG! N and Hoaa’s sequence 


Ten stars ol Bok and VAN WI1JK’S sequence were used. 


range from 6™1 0 pg 
ranging from 7™0 to 9™9 pg. No difference in scale or zero point was detected 
between these two sequences, ilthough of course the material was not adequate fora 
thorough comparison. 

3. PHOTOGRAPHIC OBSERVATIONS 
The estimates were made with the aid of a low power microscope. About 700 plates 
of the region, taken at Riverview from 1935 to 1952, were examined. About 600 of 


plates were taken with the P and R cameras (Zeiss Astrotriplets, f : 4:5, 


these 


#e 27 cm). With the normal exposure time of 10 min the nebulosity around 7 ( ‘arinae 
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comes out strongly. On such plates it was not possible to make reliable estimates of 
) Carinae. There were, however, forty-seven P and R plates on which useful esti- 
mates were made. Another plate series, taken with the G camera (Ross-Grubb- 
Parsons lens, f : 4-5, f.1. 45 em), was started in 1939. On these plates the nebulosity 
is less troublesome and, owing to the larger scale, 7, Carinae is more widely separated 
from the neighbouring stars, so that estimates were more satisfactory than on the 
P and R plates. Estimates were made on eighty-two G plates. The estimates for 


1952 


2 were made on short-exposure plates (1 or 2 min), taken for this purpose. In 
previous studies no appreciable difference in colour equation has been found by the 
writer between plates of the P, R, and G series. 

The region is in the Sydney Astrographic Zone and estimates were made on six 
plates taken with the Sydney Astrograph, kindly put at my disposal by Mr. H. W. 
Woop, Government Astronomer for New South Wales. On these plates the com 
parison stars are widely separated and estimates correspondingly more difficult. 
The variable was also estimated on one of the Union Observatory Charts (special 
chart of 7) Carinae region, plate of 1917). 

The estimates are given in Table 2. Successive columns give the year, the plate 
series, the Julian Day, and the photographic magnitude. The magnitude reductions 
were made originally to two places of decimals, but the magnitudes in Table II are 
rounded off to the nearest tenth of a magnitude. 


It should be noted that on these small-scale plates the magnitudes are integrated VC 
magnitudes of the nucleus of 7 Carinae and the surrounding halo, referred to later in 1¢ 
this paper. The images are sufficiently round to be comparable with other star 


images. On the other hand, on the latest Sydney Astrographic plate examined by the 
writer (that of 10th June, 1952), with exposures of 30, 60, and 120 sec., the images 
of 7 Carinae are roughly oval in shape, corresponding to the outline of the halo, so 


that estimates are difficult. 


$. LIGHT CURVE 

[t will be seen from Table 2 that 7 Carinae had brightened considerably by the 
time of the first observation in 1941 (20th April).* Unfortunately, there were no 
plates in 1940 on which reliable estimates could be made, so that it is not certain 
exactly when the brightening commenced. In order to show the general trend of the 
light curve from 1935-52, the observations were grouped into annual means. In 
computing the means, the original magnitudes with two decimal places were used. 
Double weight was given to G plates, weight one to P and R plates, and half weight 
to estimates of lower quality (indicated by a colon in Table 2). The annual means 
are given in Table 3, with the number of estimates included in each mean. There 
were only two estimates for each of the years 1936 and 1947, and only one each for 
1938, 1943, and 1949. No means are given for these years. The mean points are 
shown in the figure, the area of the circles being proportional to the weight. 

The Sydney plate of 1895 shows 7 Carinae on the descent from the maximum of 
1889. On Sydney plates from 1896 to 1909 the star is about 8™5 pg, agreeing well 
with Miss Horr_Leit’s photographic light curve (1933). From 1935-39 the star is 


* Ina preliminary account, communicated to DE VAUCOULEURS by letter and referred to by him in his paper (1952), the 
writer stated that 7 Carinae remained at about 8™5 pg until May, 1941. These results were provisional, and based on only 
part of the plate material available. When more plates were examined, and the provisional estimates revised (made necessary 
because some of the original comparison stars were found to vary), it Was found that the brightening had already taken place in 


April, although there were subsequent appreciable fluctuations of brightness 
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Table 3. {nnual means 


Number 
of 
estimates 


Julian Day Photographic 
2400000 magnitude 


27970 
WAolited | 
29373 
30135 
3049] 
31246 
31631 
31920 
32688 
33763 
34127 
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still about 8™5 pg. By 1941 the mean brightness had increased to about 7™8 pg. 
With some fluctuations the mean brightness increased to 7™1 pg in 1952. The 
extreme range of the estimates in each of the years 1935, 1937, and 1939 is less than 
0™4, which is about the range of accidental errors for photographic estimates made 
by the writer. In 1941, however, the range of the estimates is about 10, which 
shows that there were real fluctuations after the brightening began. 

During the previous brightening, which culminated in the maximum of 1889, 
7 Carinae took about three years to rise from 7™9 to 6™1 (on DE VAUCOULEURS’ 
visual scale). The present brightening has been much slower, the rise from 8™5 pg 
to 71 pg having taken about twelve years. 


30000 Ip, 34000 


Fig. 1. Photographie light curve of Eta Carinae, 1935-1952. Dots denote annual 
means, the area of the circles being proportional to the weight 


5. Hato Rounpb Eta CARINAE 
THACKERAY, in an interesting note (1953), shows reason for concluding that the 
recent brightening of 7 Carinae is due mainly to brightening of the halo surrounding 
the star. and that the nucleus itself has brightened little, if at all. The halo was 
first noticed about 1933 by VAN DEN Bos (1938). He describes it as red. GAVIOLA 
(1946, 1950) and THACKERAY (1949, 1950) have published studies of the halo. On 


a short-exposure plate taken with the 74-in. Radcliffe reflector in April, 1949, 


1170 Photographic light curve of Eta Carinae 


THACKERAY (1953) estimates that the nucleus is 8™0, or perhaps even fainter. At 
that time the integrated photographic magnitude of nucleus and halo was about 7™2. 
(JAVIOLA suggests that the halo has been moving outwards from the nucleus at 


the rate of about 5” per century since the 1843 outburst. 


6. COLOUR AND SPECTRUM 

From a comparison of DE VAUCOULEURS visual light curve with the writer's 
photographic one, it appears that the colour index at present is about 0m5. 
DE VAUCOULEURS (1952) finds a colour index of 0™42 on the Cp scale. One 
would expect a larger colour index for a star as red as 7 Carinae appears visually. 
Most of the colour is apparently due to the halo. The halo is red, with strong Hx 
emission. The nucleus was described by VAN DEN Bos as orange in colour. It is at 
any rate less red than the halo. If the halo continues to brighten, without a corres- 
ponding brightening of the nucleus, one would expect the combined light to become 
redder. 

The first published observation of the colour of 7 Carinae is that of Sir J. HERSCHEL, 
who found it ruddy or yellow. The colour has since been noted at various times as 
red, yellow, reddish-yellow, orange. THOME (1899) found that the colour changed 
during the brightening of 1886—89 from red to bright orange. 

The first spectrum observation of 7 Carinae was made visually by Miss CLERKE 
(1888) during a visit to the Cape Observatory. It was then an absorption spectrum. 
Miss CANNON (1897) studied the spectrum on Harvard plates of 1892 and 1893. 
Bok (1930) later classified this spectrum as eF5. By 1895 the absorption spectrum 


had disappeared and many bright lines were visible (CANNON, 1916). This emission 


spectrum has persisted, with various changes, since that time. These changes have 
been studied by Miss Horeverr (1933) and by WHITNEY (1952), who give references 


to earlier work. 

GILL (1901) and Miss CANNON (1916) noted the resemblance of the spectrum in 
1895 to that of Nova T Aurigae. PICKERING, in his 2nd Catalogue of Variable Stars, 
listed the star as Nova Carinae |. LUDENDORFF (1928) classed it as a nova-like 
variable. 


7. CONCLUSION 


7 Carinae is certainly not an ordinary nova. Its behaviour is indeed not paralleled 


/ 


by any other known star. Further observations are badly needed—photometric 
measures of the nucleus and of the integrated brightness of nucleus and halo in 
different colours, further studies of the spectrum, and attempts to measure the motion 
of the halo. The behaviour of the star is unpredictable. The possibility is not 


excluded that it may once again become one of the brightest stars in the sky. 
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Eclipsing Variable Stars: a Survey of the Field 


FRANK BRADSHAW Woop 


Flower and Cook Observatories, University of Pennsylvania, U.S.A 


SUMMARY 

This paper first presents an extremely brief general survey of the history of the study of eclipsing stars 
from the time of JOHN GoopRICKE to the present. The next section discusses international co-operation 
in the field. It includes a short discussion of existing publications and active observatories which dea 


with the systematization and distribution of information concerning eclipsing systems, and emphasizes 


cases in which active co-operation and frequent interchange of 
areas in which future research may yield 


information between observers is of 


fundamental importance. The final section indicates certain 


advances in our knowledge of these systems which will be important both for our understanding of the 


systems themselves and also for a greater insight into many of the general astrophysical problems whicl 


can be thus attacked 


|. History 

THE systematic study of eclipsing variables, in both its observational and theoretical 
aspects, goes back to 1782, when GOODRICKE observed the variability in the brightness 
of Algol, and suggested that this could be explained by a large dark body revolving 
around Algol and periodically passing in front of it. More than a century later, 
VoGEL (1890) confirmed this suggestion by observing that the radial velocity of the 
star varied in the same period as did the light, and that the relation in phase between 
light and velocity curves was that which would be predicted by the eclipse hypothesis. 

Following this discovery, the field expanded rapidly. The development of visual, 


photo-electric, and photographic methods of making measurements of precision, and 


their application with vigour to the observation of eclipsing systems by such men as 
DuGAN, STEBBINS, and BAKER were complemented by the theoretical investigations 
of RusseLt and by SHAPLEY’S application of these to many systems. It is now well 
known that a combination of photometric and radial velocity observations permits 
the computation of the sizes, masses, densities, and shapes of the components of the 
system, the size and shape of the orbit and the inclination of its plane to the line of 
sight, quantities such as the degree of limb darkening and amount of reradiation (or 
“reflection’’) effect which are intimately related to the structure of stellar atmos- 
pheres, and even in a few favourable cases the degree of central condensation of at 
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least one of the components. The accuracy with which these quantities can be 
measured varies greatly and is determined by the precision of the observations, the 
nature of the system under investigation, and the limitations of the theory. An 
excellent discussion of the general problem, on the level of the first year graduate 
student, has been given by PIERCE (1951). 

In recent years, instrumental developments have been most striking in the field of 
photo-electric photometry. One important feature of this advance has been to make 
telescopes of moderate apertures useful for photo-electric work. Theoretical advances 
have come on various fronts. Recent publications by MERRILL (1950) and RUSSELL 
and MERRILL (1952) have extended and developed the original theory and greatly 
facilitated its application to actual systems. KopaL (1946, 1950) has developed a 
complex analytical approach which takes account of certain higher order terms 
ignored in the earlier work. At the same time, evidence from various sources indicates 
that many of these systems are little removed from dynamical stability, and that 
even the most complex and highly developed theory based on the assumption of 
“normal” stars may be expected to fail to explain much of the observational data. 
Attention has also been given to using the phenomena of eclipses whenever possible 
to gain additional information about rare types of stars. Examples are systems in 
which one component is a Wolf-Rayet star or a late-type supergiant. 


2. SYSTEMATIZING AND INTERNATIONAL CO-OPERATION 


In perhaps no branch of astronomy is international collaboration as important as in 
the field of variable stars. New discoveries must be named, identified, and classified, 
periods and ranges of light variation must be determined, and records of publications 
concerning each star must be kept Many of these problems in the field of eclipsing 


stars are problems of variable star work in general and are included in such publica- 


tions as the annual name lists of the International Astronomical Union, the General 
Catalogue of Variable Stars by KUKARKIN and PARENAGO and its supplements, the 
three volume Geschichte und Literatu des Lichtwechsels der Verande rlichen Sterne, 
and similar works. However, the astronomers interested chiefly in eclipsing binaries 
have gone beyond these general compilations, both in the matters of publications and 
of catalogues devoted to this particular field. 

One centre of interest in eclipsing stars has long been at the Cracow Observatory. 
Here is maintained a card catalogue of all publications on eclipsing variables. The 
interest at this observatory centres on the determination of periods and the study 
of systems with variable periods. Under the auspices of the I.A.U., it publishes 
annually ephemerides of predicted minima (CRACOW, 1954), observations of times of 
minima, and new light elements. The latter features are particularly useful, since 
the Polish observers are extremely active in observing times of minima and the times 
so determined frequently appear in these issues of the S.A.C. well in advance of 
publication in journals. 

Another place at which interest in eclipsing stars has led to the construction of a 
bibliographical card catalogue is the Engelhardt Observatory of Kazan: here a 
separate listing of spectrographic binaries is also maintained. A_ publication 
(CHUDOVICHEY, 1952) based on these catalogues and listing the orbital elements of 
eclipsing variables has been issued from this observatory, which also serves a 
particularly useful purpose in serving as headquarters for information concerning the 


work in progress in Russia. 
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Probably the earliest effort at systematization was made at the Princeton Univer- 
sity Observatory in the preparation of a card catalogue under the direction of 
DuGAN. At this observatory, intense interest in both the observational and theoretical 
challenges of eclipsing star work goes back half a century. Twenty years ago DuGAN 
(1934) issued the first edition of A Finding List for Observers of Eclipsing Variables, a 
publication designed to aid observers in choosing a programme “‘rapidly, easily, and 
without exasperation”. In addition to pertinent information concerning the posi- 
tions, periods, spectral types, ranges, and similar data, the Finding List included 
references to charts, comparison stars, published and unpublished light and velocity 
curves, and much additional information valuable to an observer planning a pro- 
gramme. Such a list goes out of date in a few years; a second edition was published 
by Pierce (1947). At his unexpected decease in 1950, the Princeton University 
Observatory was left with no one whose prime interest lay in this field; to permit 
the continuance of the catalogue and associated work in the tradition in which it 
had been developed, the material was transferred to the Flower and Cook Obser- 
vatories of the University of Pennsylvania. From this place has just been issued a 
third edition of the Finding List, covering the entire sky and listing 918 eclipsing 
systems (Woop, 1953). 

Publications summarizing progress in the field are, of course, not confined to the 
above centres. PLAUT (1950, 1953) has computed elements and collected statistical 
data for eclipsing systems brighter than magnitude 8-5; Kopat (1952) has reviewed 
comprehensively the work in the years 1947-50; and MERGENTALER (1950) and 
O'CONNELL (1951) have independently surveyed systems showing asymmetric light 
curves. Many other examples could be listed. 

In general it may be said that the astronomers interested in eclipsing stars have 
expended much thought and effort in systematically collecting information con 
cerning work in the field and in disseminating such information, both to prevent 
needless duplication of effort and to stimulate co-operation among observers. 

Such co-operation is especially important in the study of systems whose light 
variations are such that no single observer can cover all the interesting phases. One 
of the most famous of such systems is Zeta Aurigae. This is composed of an exceed- 
ingly large K-component and a relatively normal B star. When the B star is eclipsed 


by the K-component, the partial phases of the eclipse, as observed at around 4500 A, 
last about 37 hr. In the ultra-violet, they take even longer. Thus, it is manifestly 
impossible to follow an entire ingress or egress at any observatory now in existence. 


Since eclipses occur only once every 24 years, and since the evidence strongly 
indicates differences from eclipse to eclipse, any definitive knowledge of the star 
requires the combination of observations of various observers. But such a combina- 
tion presents danger of introducing systematic errors, especially if the different 
observers have not used the same comparison star. Discussion of photo-electric 
observations of the 1948-49 eclipse made in two colours at the Steward Observatory 
(Roach and Woop, 1952), and by KRon at the Lick Observatory, confirms an earlier 
suggestion (GAPOSCHKIN, 1935) that the eclipse is chiefly the result of gradual 
extinction of the light of the B star as it passes behind successively greater depths 
of the atmosphere of the K, rather than the conventional occullation by an opaque 
edge. FRAcASTORO (1952) reaches the same conclusion from spectrophotometric 
studies. 

This means that here we have an opportunity rare in astronomy, namely that of 
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ipproaching the “controlled experiment” of the phy sicist. At least, we can observe 
the effect of the absorption of the light of the hotter component by gradually 
increasing amounts of the atmosphere of the cooler. In the spectrographic observa- 


tions, changes are detected many days before and after the photometric partial 


phases. Despite spectrographic and photometric investigations too numerous even 


to mention, the interpretation of the physical significance of these results is probably 
still in its infancy, and the study of such systems may prove one of the exciting fields 
of the near future. 

Provisional results indicate that the system 31 Cygni may show similar effects: 
if so, this may offer an even more favourable opportunity because of the greater 
lengths of the partial phases. Whether other apparently similar systems—for 


example, 32 


Cygni, Epsilon Aurigae, and VV Cephei—are really similar, or whether 
further observation will reveal fundamental differences is a problem yet to be solved. 
In any case, it is clear that in these studies active co-operation and frequent inter 
communication between observers is of great importance. Before the eclipse, such 
collaboration will aid in laying out the most efficient form of attack; during the 
partial phases it may result in more intensive observation of unanticipated changes: 
and after the observations are made, it will surely help in the difficult task of pro 
ceeding from the spectrograms and photometric data to some sort of understanding 


of the nature of the S\ stem and the physical processes involved. 


3. OPEN PROBLEMS AND LINES OF FUTURE RESEARCH 


l 


The above lines have indicated one problem which is certainly open and concerning 
which active future research may be expected. Many others exist, and a few examples 
may serve better than an attempt at an exhaustive discussion. 

One fundamental problem with which all observers must wrestle is the applica 
tion of theoretical developments to their own individual observations. When we 
think of the complexities of the physical situation which must exist when two stars, 
frequently of quite different mass, size, density, and temperature, are located 
with their surfaces sometimes only a few hundred thousand miles apart, it is not 
surprising that even the most completely de\ eloped theory should fail to be rigorously 
applicable. The astronomer here is faced with a dual responsibility. On the one hand, 
he must derive from the observations the maximum amount of information they will 
yield; this responsibility is especially heavy, since some of the most fundamental 
stellar properties can be measured only by studies of eclipsing stars. On the other 
hand, he must be careful not to mislead himself or his colleagues concerning the 
accuracy of the elements he computes. This requirement is not satisfied by merely 
publishing probable errors, but involves the consideration of systematic errors in the 
observations and the failure of the theory to duplicate precisely the conditions 
actually existing. 

Further, the theory at present really exists in two separate facets. The approach 
used by RusSSELL and MERRILL differs in basic philosophy from that developed by 
KoOpAL; it is difficult to see value in any eclectic combination of the two. However, 
experienced workers in the field, who are thoroughly aware of the pitfalls involved, 
can sometimes make profitable use of both types of development in arriving at an 
understanding of the particular system with which they are dealing. An excellent 
example of such a discussion has recently been published by Kron and GORDON 
(1953). 
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It is of interest to note that in addition to work involving the most modern 
developments in both theory and instrumentation, the determination of the times of 
minima is still of fundamental importance. It is encouraging to see in recent years 
a renaissance in this kind of work, especially since so much of it can be carried out 
by small instruments. The usefulness of this goes far beyond merely determining the 
periods of the known systems with greater and greater degrees of accuracy. Many 
systems show surprising changes in their periods. Some of these are periodic and are 
caused by changes in the time it takes for the light to reach us as the system moves in 
an orbit around the centre of mass of itself and a third body. Other periodic changes 
(distinguishable from the first when secondary minimum is observed) are caused by 
the revolution of the line of apsides. The speed at which this will occur depends on 
various factors, one of which involves the degree of central condensation; i.¢. the 
model on which the star is built. Since the other quantities determining the speed of 
revolution can be computed from the photometric and radial velocity observations, 
and since the speed of apsidal revolution itself can be found from the observed 
minima, it is therefore possible to measure the degree of central condensation of at 
least one of the components, and thus to provide the only direct observational 
evidence bearing on this important quantity. 

Other systems show irregular variations. Sometimes the period will shorten or 
lengthen apparently quite suddenly; in other cases, a gradual (but not periodic) 
change will be carried out over many years. The sudden changes may be as large as 
2 or 3 sec., although they are usually somewhat less than a second. It is probably 
significant that the cases of well-established period irregularities almost always occur 
in systems in which one component is near the limits of dynamical stability, and it is 
tempting to try to explain such changes by the mechanism of large eruptive promi- 
nences (Woop, 1950). Whatever the cause may be, more observational material is 
needed. 

In this connection, CARPENTER is developing an interesting systematic programme 
at the University of Arizona. This carries out one of the ideas of PIERCE, and makes 
use of a motion picture camera attached to a telescope of 7 in. aperture. The camera 
is set for the desired exposure, and pointed at a star for which an eclipse is predicted. 
It then runs automatically with little or no attention from the astronomer, who 
can be engaged in other programmes with larger telescopes. In the first few 
months of operation, more than 6000 exposures on 100 stars were made with this 
instrument. 

Finally attention should be drawn to the fascinating number of problems awaiting 
the astronomer equipped with photo-electric equipment and a telescope of even 
moderate aperture. For most of the past history of photo-electric work, the observer 
was severely limited in his choice by the sensitivity of his equipment. Now, how- 
ever, he is in the happy position of being able to consider the type of system whose 
observation seems to him to be the most significant in light of our present astrophysical 
knowledge and to select his observing programme accordingly. For example, he 
might consider those systems having periods roughly between 20 and 200 days, or 
intermediate between most of the more conventional systems and those loosely 
classified as the Zeta Aurigae type. This is a field which PopPER is investigating 


systematically, and it gives every indication of being one of interest and importance. 
As is the case of stars of longer period, collaboration between spectrographic and 
photometric observers and between astronomers in different longitudes will be 
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necessary to carry out that kind of exhaustive investigation which might be expected 


to yield the greatest advances. 

Many other choices confront the investigator of eclipsing stars. Systems showing 
changing light and velocity curves will have to be surveyed many times before any 
real understanding of these changes can be attained. The Algol systems still present 
many puzzles, and the fainter components of many of these show tremendous 
departures from the usual relation between mass and luminosity. The list could be 
greatly extended and even a glance at the amount of stimulating work to be done 
indicates that the future of this field is bright indeed. 
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Eclipsing Variables in the Magellanic Clouds 


HenRY Norris RUSSELL 
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1. THE OBSERVATIONS 

Ir has been known for some time that eclipsing variables are observable in con- 
siderable numbers in the Magellanic Clouds: but the first detailed information re- 
garding them is derived from Mrs. Natu’s (1953) photographic estimates on Harvard 
plates. Her list, based on exposures averaging 45 min with the 24-in. Bruce telescope, 
contains twenty-six stars in the Small Cloud, of magnitudes 14-0 to 16-5 at maximum, 
and twenty-three in the Large Cloud with maxima 12-5 to 16-3. Ranges less than 
0™5 are excluded, and also one obvious “foreground” star. She concludes that, in the 
Small Cloud, “not more than a dozen eclipsing stars above 16™ remain to be found, 
while in the Larger Cloud many more await discovery”. 

Periods have been determined for forty-six pairs. Only three exceed ten days. 
Twenty stars in the Small and eleven in the Large Cloud show light curves of the 
B Lyrae type with clearly rounded maxima, while nine in all are classified as *‘Algols’’. 

Observations of four stars, listed in Table 1, were generously communicated to the 
writer by Mrs. Natt. The principal data regarding them are as follows: 


Table 1 


Minimum 
Observa- Probable error of mean 


\ ll n 
laximul : ( of five observations 


Small 19275 16-25 0038 
Small 78596 14°84 15°5 0-038 
Large °34263 12-55 0-049 
Small 3-62549 14-85 5. 0-035 


The periods and observed maxima and minima are taken from the published paper, 
and the number of observations from Mrs. NaiL’s manuscript lists. These have been 
combined, strictly in order of phase, into normals depending on five observations 
each (very rarely six or seven). The probable errors of a normal magnitude for each 
star, as derived from the residuals for the best available solutions, are given in the last 
column. As the estimates on the individual plates were made only to 0™1, these are 
as small as might reasonably be expected, especially upon plates taken with no special 


photometric purpose, and often many years before the variability was discovered. 


The error is greater for the brightest star, which is probably too bright for the best 
estimates with this exposure. 

The results provide certainty regarding the nature of the variation, and a good 
general representation of the light-curves. Such precision as would result from 
observations of stars a hundred times brighter, by modern methods, is not to be 
hoped for: but we now have the advantage of a fully developed theory, which 
enables us to foresee what may and may not be expected. 
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2. METHOD OF DISCUSSION 

Graphical treatment of the light-curves is, of course, sufficient. This falls into two 
stages: first, rectification of the curve, in brightness and in phase, to remove the 
principal effects of the ellipticity of the components and the “‘reflection’’ of the 
radiation of each by the other (RUSSELL, 1948; RussELL and MERRILL, 1952); and 
second, the determination, from the rectified curve, of the size and brightness of each 
component, and the orbital inclination (RUSSELL and MERRILL, 1952, pp. 14-35). 

The rectification is based in all cases on the harmonic analysis of the light outside 


eclipses. Its effect is to make the light constant between eclipses, and to diminish the 


depths of both minima. The shorter the uneclipsed interval, the greater are usually 
these changes, and the less the accuracy with which they can be determined from a 
given set of observations. 

The solution for the elements of the svstem from the rectified curve involves 
complicated transcendental functions. These have been fully tabulated (MERRILL, 
1950). The accuracy of the solution (from data of the same number and precision) 
varies greatly with the geometrical conditions of the eclipse (and the corresponding 
form of the light-curve). To get such a curve, the period must be known with relatively 
very high precision; and the phase and depth of the principal minimum must be 
well determined if a solution is to be attempted. The depth of the secondary in stellar 
magnitude should be about equally well determined if the observations during it are 
as numerous. 

The light-curve for primary minimum provides the two remaining data required 
for a solution: that of the secondary is comparably important if the rectified depths 
are nearly equal: but no such case appears here (RUSSELL, 1912). 

It has long been known that the curve for a single partial eclipse of given depth 
provides a reliable determination of only two other data—its width and shape. 

If in is the loss of light at mid eclipse and 4(n) the rectified phase orbital longitude) 
corresponding to a loss nJ,, the width may obviously be defined by 4(4). In general. 
the shape of any arbitrary symmetrical curve can be defined by the function 

sin® 4(nl,) 
wield sin? 4(41,) 


Daal) 
For the various possible partial eclipses of the same pair of stars, the values of a 
for different n’s are very closely correlated, so that, to a high approximation, the 
value of any one of them—say 7(0-8)—determines the course of the whole curve. 
Extensive tables of the 7 functions have been published as well as nomographs for 


rapid solutions based on these. (MERRILL, 1953; a typical example on a smaller 


scale is found in RusseLt and MERRILL, 1952, pp. 18-19.) 


3. NOMOGRAPHIC SOLUTION 


This demands 
(1) An estimate of the limb-darkening 
This has here been taken as 0-4, since these are undoubtedly hot blue 


assumed to be the same for both com 


ponents. 
stars (SHAPLEY and NalIL, 1953).) 
2) Values of the depths | 1,” and | /,° (in intensity) of the principal and 


{ 
0 


-) 
secondary minima. 
(3) Values of sin 4($) and 7(0-8) for the principal minimum 
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(4) Decision whether the principal eclipse is a transit (small star in front) or an 
occultation (small star behind). Both hypotheses must often be considered. 

The solution is then given by the intersection of permanently plotted curves for 
7°(0-8) and 7'"(0-8) with a line (straight edge laid across the diagram) passing through 
certain points determined by /,” and /,'". Values of quantities from which the 
elements may readily be found are then read, for the point of intersection, from other 
contours on the nomograph. For details see RUSSELL and MERRILL (1952). 

When /,”, /)'", and 7 are accurately known, the curve and line are always sharply 
determined, but in some cases the two intersect at an acute angle and the solution 
is weak, or even indeterminate if the two are tangent. In the present case the values 
of 1, and y are not accurately known and the curve and straight line should be 
replaced by broad bands, and a very considerable range of solutions will fit the 
observations within the limits set by their own errors. It should be emphasized that 
this uncertainty is inherent, and cannot be removed by applying more laborious and 
apparently more precise methods of solution to the same data. 

In the present case it would be practically impossible to obtain observations of high 
individual precision for such faint stars, and the significant question is: what infor- 
mation, even though incomplete, may be obtained about these pairs, and how much 


may be learned from this about them ? 


tf. Reoririep Data 
Table 2 gives the results of the rectification of the light-curves of the four pairs. 


The first line gives the full amplitude \VZ of the variation in their observed light due 
to the ellipticity of the components (assumed to be the same for both): the second 


the corresponding geometrical ellipticity Z (the factor V is taken as 2-2 for the first 
three pairs, corresponding to limb-darkening 0-4; for the last, 2-5 was inadvertently 
adopted; the resulting differences are too small to justify recomputation). 

The third line gives the full amplitude of the effect of reflection. When either of 
these effects is of the order of 0™O1 or less, it has been treated as insensible and a 


blank appears in the table. 

The rectified light is constant between eclipses. Free-hand curves, drawn on large- 
scale plots of the rectified normals, give the tabulated depths of the minima and then 
the constants #(4) and 7(0-8) which define the width and shape of the primary 
minimum. The tabular values are given (to avoid loss of accuracy in computation) 
considerably more precisely than they are actually known. 


Table ?. Rectified light curwe 


Photometric ellipticity F NZ 0-228 0-326 0-165 
Geometric ellipticity : 0-104 0-148 0-066 
Reflection effect. , 0-048 

Depth of primary. 0-354 0-50 0-44 
Depth of secondary é l ls 0-056 0-25 0-20 
Width of primary sin (3) 0-450 0-264 0-326 
Shape of primary . ; 70-3) 0-326 0-308 0-330 


5. SOLUTIONS 
Of the four tabular data it is easy to show that 7(0-8) is the most weakly determined. 
Rectified elements (assuming spherical stars) have therefore been calculated for each 
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system, with the values given in Table 2 above for the depths of both minima and 
the half-width of the primary, but for different circumstances of the partial eclipses, 
ranging from a grazing transit at primary (G.T.) with the hotter star in front, through 
the case of equal radii (E.R.) to a grazing occultation (G.O.) and in one case (H.V. 
ya short total eclipse. The nomographs and tables made the work very rapid. 
- results are given in Table 3. L” is the light of the hotter and L* that of the 
cooler component. The former diminishes steadily, and the latter increases, in 
passing from grazing transit to grazing occultation. The radius a” of the hotter star, 
in terms of that of the orbit, likewise decreases; and a° increases, except sometimes 
close to the occultation. 
The inclination 7, of the rectified orbit differs more from 90° near the middle of the 
sequence The ratio 6a of the longer and shorter equatorial semi-axes follows. It is 


1000 O20 O40 O80 O80 | 120 140 le @) 18O 200 


‘m H.V. 1597: the light-curve with the deeper minimum 
I this principal minimum of OFS0 and an e¢ lipse ol equal stars, 
er curve is for a grazing total occultation and depth 075 


assumed to be the same for both stars. Ife is the polar semi-axis there are dynamical 
, 
reasons to suppose that | 


h 
7, is nearly two-thirds of (1 but, as is well 
) a 


known, this ratio cannot be found from photometric observations. Also, if 7 is the 
- 
actual inclination of the orbit plane, COS 2 COS 7 (very closely di, 
a 
The computed value of 7(0-8) is least for the transits, and slightly less for an 
intermediate type than for the limits G.T. and E.R., but this difference is so small 
that it is given only for H.V. 11284. For occultations 7 increases steadily. With 
numerous and precise observations its value usually leads to a definite determination 
of the elements; but, in the present case, comparison of curves computed with 
different values show that a difference of 0-02 in 7 alters the computed magnitudes 
by hardly more than 0™02, and the range of uncertainty is wide. If small changes in 
the other observed data are admitted it is still more. For example, for H.V. 1597, 
the elements would be rather well determined if the data of Table 2 were left un- 
altered: but if the depth of the principal minimum is increased from 075 to 0™80 
(1 —/,” from 0-50 to 0-52), the computed 7 for an eclipse of equal stars becomes 
0-316. This gives the light-curve with the deeper minimum plotted in Fig. 1, while 
the other curve corresponds to a grazing total occultation with depth 0775. The 
representation of the observations is almost equally good, and it is clear that the 
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whole range of values in Table 3 will give a tolerable representation of the observations 


of the system. 
Table 3 


H.V. 1597 


0-313 3a 0-360 ()- 36 0-440 
0-900 ‘$3: 0-600 0-52 0-500 
0-100 7 0-400 0 7 0-500 
0-322 27 0-183 0-160 0-149 
0-233 21 0°333 0-342 0-340 
0-OS8Y . , 0-223 0-212 0-19] 
1-00 . 1-00 1-00 1-00 
0-278 th 0-258 0-25] 0-244 
0-016 0-O18 O-O17 O-O1S 


0-355 0-340 35 zi “IRS 0-294 0-314 0-360 
0-944 0-863 / ‘667 0-555 0-500 
0-056 0-137 *245 ) y ; -25 333 0:-445 0-500 
0-543 0-437 “36 ‘17 *¢ 279 0-238 0-208 
0-322 0-437 ‘D515 o92 ( ‘202 279 0-303 0-303 
0-22] 0-426 119 0-127 0-095 
0-945 0-936 932 9% ¢ “926 925 
0-432 0-437 0: 2 -279 
O-O0OL0 O-O0O1] OOLO 0-O0008 ) 5 ‘O16 


0-925 0-926 
0-270 0-256 


0-O1L7 0-019 


HV. 


O-314 0-302 0-314 32 3: 0-340 0-397 
O-SO0 0-778 0-687 7 555 0-508 0-440 
0-200 (222? 0-313 366 5 0-492 0-560 
0-390 0-381 0-334 “< 276 0-253 0-210 
0-282 0):292 0-334 : 0-369 0-375 0-361 
0-108 0-146 0-203 ? 0-210 0-202 0-15] 
0-967 0-967 0-966 966 0-966 0-966 0-968 
0-336 0-337 0-334 0-322 0-314 0-286 
0-012 0-013 0-014 0-014 0-O14 O-OLS O-O1LS8 


This range is very large, but that of @ = }(a" — a’), which is given in the last 
line but one of Table 3, is small. For the four systems here discussed, the average 
deviation of the individual values from their mean ranges from 2 to 8 per ce xt, with a 
general average of 5 per cent. 

The mean density of the system (defined as the ratio of the combined mass to the 
combined volume) is given in terms of the Sun’s density by the equation 

p = 0-0134/ P2[(a”")® + (a’)3}. 
This also varies but little from one solution to another, as is shown in the last line of 
Table 3. The average deviation from the general mean is 8 per cent, and almost the 
same in all four cases. 

Light-curves for the four stars appear in Figs. 2-5. They give the means of the 
directly estimated photographic magnitudes against the phases. The curves show 
the computed actual variation with the effects of rectification removed, 
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For H.V. 1597, the first principal minimum in Fig. 2 is drawn corresponding to a 
grazing total occultation, and the second to an eclipse of stars of equal radii. 

H.V. 1962 is conspiciously of the 6 Lyrae type with very wide minima and short 
intervals between them. The ellipticity is determined by the downward curvature 
of the light curve in these intervals, and the reflection by an opposite slope in the 
two, which makes it higher near secondary than near primary. The numerical 
determination of both from these short intervals is weak, but any considerable 
increase in the adopted ellipticity would leave nothing for the secondary eclipse. 
The elements of this system are more uncertain than for the rest. The plotted light- 
curve corresponds to the assumption of equal radii. H.V. 2241 and 11284 (Figs. 4 
and 5) are also of the § Lyrae type, but with deeper minima and better defined curves. 
The plotted curve is for equal radii for the first and for 7 = 0-33 for the second. 

6. COMPARISON WITH GALACTIC ECLIPSING VARIABLES 

The principal purpose of the present study is to find to what extent the Magellanic 
eclipsing variables are comparable with those in the Galaxy. The former have been 
selected almost entirely by absolute magnitude. Adopting the distance modulus 
[8-5 (SHAPLEY, 1953), the absolute magnitudes of the forty-eight systems, for which 
Mrs. NAIL gave periods, run from — 5-9 to — 2:0 at maximum. No stars with range 
less than 0™5, nor any with minima fainter than 17-1, (M |-4), are included. For 
comparison a list of galactic stars similarly selected is required. Reference is here 
made to a list which, though by no means new, was at least impartially selected, 
carefully prepared, and complete at the date of its preparation (RUSSELL and 
Moore, 1940). In Table 4, .V denotes the absolute magnitude of the combined light 
and @ and p have the same meaning as in Table 3. 


Table 4. Bright galactic e lipsing variables 


29 CMa 5 : »s 0-004 
Y Cvyvg : , 2 0-O85 
\H Cep i AY 0-070 
\ Pup f } 27 0-058 
AG Per : 2-O§ 2. 95 0-132 
PT Au : 33 : : 0-095 
: 3-5 0-058 

0-050 

0-037 

0-125 

0-045 

0-150 


7. PERIODS AND ABSOLUTE MAGNITUDES 


Here Mrs. Naru’s whole list is available (changing the absolute magnitude by 


1™2 to allow for the increase in the assumed distance). The distribution of periods 


is as follows: 


Period (days) 


4to8 


Galacti 
Magellani 
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There is a conspicuous lack of long periods in the galactic list. How much of this is 

due to selection of the shorter periods for the observations, photometric and spectro- 

scopic, which were both required to put the system in the galactic list, is hard to 

estimate; but the effect should be in the observed direction and may be large. 
The absolute magnitudes are distributed as follows: 


bsolute magnitude 


Galactic 


Magellanic 


The lack of the fainter stars in the short galactic list may be attributed to incom 
pleteness of observation in 1940. The very bright star in the galactic list, 29 CMa, 
may be an exceptional object. For the rest the Magellanic variables appear to be 
comparable in brightness to the brightest galactic. 

When a better value of the distance-modulus of the clouds becomes available, and 
when the results of the extensive computations upon well-observed galactic eclipsing 
systems which are under way have been published, a much weightier comparison 
of the two may be made. The existing evidence suffices to show that no important 
difference between them exists. 

As regards those characteristics of the individual systems which can be determined 
with fair accuracy, the mean ratio @ of the radii of the components to that of their 
orbits ranges from 0-42 to 0-27 for the four Magellanic systems and for 0-42 to 0-21 
for the twelve galactic pairs. This means that, for both, we are dealing with cases in 
which the chances of eclipses deep enough to be observed are favourable, and may 
mean little more. 

The mean density p is very low for one system in each list, for which the com 
ponents are nearly in contact. For the other three Magellanic stars the mean value 
is 0-014. Here at last there seems to be a real difference from the galactic stars, for 
which p comes out from three to four times as great. But the periods of these stars 
range from 3-6 to 4-4 days and are longer than for any of the eleven galactic stars 
with which they have been compared and for more than two-thirds of the Magellanic 
variables from which they have been selected—perhaps because the longer periods 
facilitated the derivation of a good light-curve. 

If @ is the same, p varies inversely as P?. Elements for many more of the observed 
systems would therefore be required to determine whether this difference would 


persist. 


S. CONCLUSION 


Mrs. NatL’s photographic observations of Magellanic eclipsing variables serve to 
determine the nature of their variations with certainty and to provide accurate 
periods, and light-curves which give a good general representation of the variation. 
The limiting magnitude 17-0 makes it impossible to follow a “typical Algol” variation 


through a deep primary minimum; and the necessary exclusion of variations of 


range less than 0™5 excludes the discovery of systems of the Zeta Aurigae type. 
The observable stars are mainly systems of the 6 Lyrae type, with partial eclipses of 
moderate depth. 
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Precise calculation of the elements of such a system demands a greater accuracy 
of observation than for any other eclipsing type. The existing observations and 
any which there is any present hope of making—are inadequate for a complete solu- 
tion. They suffice, however, to determine the elements with only one uncertain 
parameter. Table 3 gives series of such solutions for four stars. The relative size 
of the components remains indeterminate, but the mean radius of the components 
and the mean density of the system are fairly well determined. 

Upon comparisons of the results with those for well-observed galactic eclipsing 
systems of bright absolute magnitude, their properties are found to be so similar 
that there remains little if any doubt that the Magellanic eclipsing variables are 
similar to those in the Galaxy. 

The only noteworthy difference is the relatively small number of eclipsing variables 

the Clouds compared with Cepheids (3 per cent according to SHAPLEY and NaIL, 
1953, p. 3). Investigation of this. however, does not belong to the present study. 

In conclusion, the writer presents his most hearty thanks to Mrs. ViRGINIA 
McK isppen Natt for the communication of the observations upon which the work is 
based to Dr. HARLOW SHAPLEY for cordial approval of this, and of the publication 
of the results in the present volume: and to Gracia ANN Hickey for aid in its 


preparation 


On Finding the Apsidal Period of an Eclipsing Binary 


J. DE Kort, S.J. 


Specola Vaticana, Castel Gandolfo, Vatican City State 


SUMMARY 


In many cases of eclipsing binaries showing apsidal motion, only a fraction of the apsidal period is covered 
by the observations. Such data can, however, furnish a value of the apsidal period, which is an important 
astrophysical datum, if they can be fitted to the laws of Keplerian motion, the main unknown parameters 
being the eccentricity of the orbit and the rate of motion of the apsides. In several cases, however, 
the difference between the instantaneous periods of the minima at the moment of conjunction of the 
apsides is known from the observations. This quantity furnishes an algebraic relation between the two 
unknown parameters mentioned above. The present note shows how this relation can he graphically 
obtained at the beginning of the reduction, so that the remaining problem consists in fitting the observed 
data to a certain curve belonging to a one parametric family of plane curves. This family of curves is 
given in graphical and algebraic form, and the method is illustrated by the use of published and new 
epochs of V 523 Sagittarii. 


AN important contribution to our knowledge of the internal constitution of the stars 
is furnished by rather simple observational means. If a binary system shows at the 
same time eclipses of the components and a motion of the apsides, and if there is no 
perceptible influence of a third body, then a rough determination of the times of 
minimum light gives almost directly some information on the density distribution 
in the stellar interior. The main difficulty lies in the long interval of time which the 
observations must cover in order to determine the period of revolution of the apsides. 
The present note is a contribution towards finding the apsidal period from a relatively 
short series of observations. It relies as much as possible on the visual comparison 


ot observed data and calculated curves.* 


1. THE CALCULATED EPHEMERIS CURVES 

The inferior and superior conjunctions of the companion in a binary system occur 
when the true anomaly v equals 7 2 @ and 37/2 ®, respectively, where @ is 
measured from the ascending node. The times of conjunction are given by .W(7/2 — @) 
and (37/2 ). Here .M(v) denotes the functional relation between mean anomaly 
and true anomaly. Time is counted from periastron passage. 

We will now assume that, while the apsides revolve in the orbital plane, this plane 
itself is immovable in space. On that assumption a uniform forward motion of the 
apsides, in a period P, can be described by 


The times of conjunction of the companion, counted from periastron passage, 
then: 


o (=) and M 


* Compare, for instance, the least squares treatment proposed by STERNE (1939) 
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For easiel comparison, it is customary to represent the times of one of the conjunc- 
tions displaced by half an orbital period. The two times are then: 


iE and a M(x ty. ee sy 


u (= 5 


P 


For the present purpose the times of conjunction can be identified with the times of 


minimum light.* 

[It is evident that the two curves (3), or the ephemeris curves, as we shall call them, 
have a point of inflection at their intersection, where the line of apsides is in conjunc- 
tion, since d.V dv is proportional to r*, and the radius vector reaches its extreme 
values in the apsides. The instantaneous periods of both minima undergo only small 
changes in the \ icinity of this point. Here we shall specially consider the case that 
the time of conjunction of the line of apsides is included in the observations, or is 
barely outside the interval. For the instantaneous periods at conjunction of the line 
of apsides, good approximations can then be at once determined from the observa- 
tions. In equation (3) the calculated ephemeris curves were referred to the anoma- 
listic period, which is not directly known. Instead, we shall refer the curves to the 
mean of the two instantaneous periods. This introduces a linear term in the equations 


of the new ephemeris curves 


x—t—M({—t) and «—tint+M(n——t ia 
P i ks ‘a 
and a little algebra shows (DE Kort. 1942) that z | e* | e*)-1 2, 


‘ina V. the unhlts oO eng h on 1e \orizonta and ver ical scales are a juste in 
Finally, tl ts of lengtl the | tal tical | ljusted i 


such a way that the position angles of the two stationary tangents at the point of 


inflection are $5” and 15°. This will happen if the apsidal period is represented 
on the horizontal scale by the same length as 2e(1 e*)-12 times the orbital period 
on the vertical scale. KE phemeris curves are shown in Fig. | for eccentricities 0-1, 
QO-?. 0-3. O-4. 0-5. 


1 


At the intersection point the curve which shows the weaker curvature, and which, 
with advancing apsides, has the longer instantaneous period position angle £5"), 
describes the periastron eclipses The apastron eclipses, which occur half an orbital 
period later, are described by the other curve. 

For the calculation of the ephemeris curves the Allegheny tables were used, which 
give v and WV in degrees (SCHLESINGER and Upick, 1912). The rectangular co 
ordinates in the diagram are, for the first curve, the inferior conjunction of the 
companion 


? Di (| p=) 12 Dy M 
7] 7. v( MW) M: 
for the second curve, the superiol conjunction of the companion 


12 ISO v( MW) 
7 y ISO v( MW) ISO M 


where x ( e*) (] e* 


* and where 360° are represented by 50 em. 


Vi 


OL. 
956 
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2. COMPARISON WITH OBSERVED TIMES 
Let us now suppose that a series of observed minima has been represented in a 
diagram and that the vertical scale is identical with the vertical scale in our calculated 


diagram: | orbital period 50cm. If, moreover, the period of reference and the 


horizontal scale are so chosen that the inclinations of the observed curves are + 45 
and 45° at the point of intersection, we shall have disposed of every degree of 
| 6 
| “0 
| 
@-2 { 
| 
& 
+2 
e 
@e:0.3 
| 
| 
a nn! A 
i 
| 
° 
-0:l 4 
ins 0-1 0-2 
Fig. 1. Calculated ephemeris curves. Abscissa 2e(] e?)—1/2 (fraction of apsidal period), 


Ordinate fraction of orbital period 
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freedom and the observed pair of ephemeris curves must coincide with one pair out 
of the family of calculated curves. Any systematic difference will show that the 
suppositions of the present theory are not fulfilled, either because there is no uniform 
forward motion of the apsides, or because the orbital plane is not fixed. 

It is considered an advantage of this type of diagram that the ephemeris curves 
pertain to a true one-parametric family and that interpolation between the curves is 
easy. Certainly the inclination of one or both of the lines representing the observed 
instantaneous periods will sometimes need revision, but this is readily ascertained 
und rectified. A final comparison can be made with a set of ephemeris curves 
calculated for the estimated value of the eccentricity, perhaps with the inclination 
of the orbit together with the figures of the components taken into account. The 
value of the apsidal period ean then be read. off directly from the horizontal 
AXIS. 

The ephemeris curves have the paradoxical feature of being less curved for higher 
eccentricities, a feature which must be familiar to every astronomer who calculates 
ephemeris curves to fit observed times. For instance, if in the calculated pair of 
ephemeris curves the curvature occurs too close to the intersection point, the next 
trial should be made with a higher eccentricity 


At the same time the apsidal period 


must be taken longer, in such a way that the quantity: apsidal period » (1 e7)2 /2¢ 
remains constant. More generally, the apsidal period is equal to 4e(l — e?) 
times the square ol the orbital period divided by the difference of the two instan 
taneous periods. 

If the observed branches show no curvature, the eccentricity cannot be found, but 
an inferior limit can be assigned to both the eccentricity and the apsidal period, 
More precisely, a pair of values for eccentricity and apsidal period can be stated, so 
that the corresponding ephemeris curves are just too strongly curved to fit the 
observations. 

The rectilinear tracks which appear before and after the conjunction of the apsides 
become ever more preponde unt with increasing eccentricity. This implies that if the 
minima of an eclipsing variable occur at intervals different from half the period, 
without showing relative displacement, the lack of relative motion of the minima 
is no final argument against motion of the apsides. For instance, with an eccentricity 
0-5, the interval between the minima will remain sensibly equal to phase 0-21 
during more than one-tenth of the apsidal period. During the following four-tenths 
the interval gradually increases to 0-79, stays for one-tenth of the period at that value, 
and then decreases again. If only one minimum has been observed, then the fact 
that the apparent period is linear is even less of an argument against apsidal 
motion. 

A useful quantity for a rapid estimate of the eccentricity, especially in less 
favourable cases, is the time elapsed between the intersection point and the turning 
point of the ephemeris curves, where the phase of one of the minima is stationary. It 
was first utilized in a quantitative form by O'CONNELL (1948). For the present 
arrangement of the diagram, ¢.¢. with the mean of the instantaneous periods as a 
reference period, the time interval is shown in Table 1, expressed in fractions of the 
apsidal period. It appears to be such a smooth function of the eccentricity that up to 


0-5, the formulae 0-25 — 0-235e and 0-25 — 0-235 are an almost perfect repre 
sentation. Even for weak eccentricities, the time interval begins to differ rapidly 


from the value 0-25, which is proper to an infinitely small eccentricity. 
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Table 1 


rime of stationary phase 


Primary Secondary 
minimum THLTITUT 


0-262 0-238 
0-274 0-226 
0-286 0-214 
0-297 0-208 
0-309 0-19] 
0-320 
0-352 
0-343 
0-354 


0-364 0-136 


The table gives fraction of apsidal 
period elapsed between intersection 
point and time of stationary phase 


3. EXAMPLE: V523 SAGITTARII 
Sgr is an eclipsing variable star of the tenth magnitude, with a period of 
2-32 days. A valuable long series of epochs was published by EpirxH JOoNEs (1938). 


The epochs were given in phases according to the formula: 
phase = (J.D. hel. — 2,400,000) « 0-4303282. 


FERWERDA (1934) determined a good mean light curve of V 523 Sgr from plates 
taken at Johannesburg for the Leyden Observatory. For the times of minimum, | 
find 0-006 and 0-421 in FERWERDA’S phase system. 

Another pair of epochs was given by SOLOVIEV (1944). I combined the two primary 
minima into one epoch. The epoch of the other minimum was derived from the first 
by adding to it SOLOVIEV’s time interval between the two minima. 

The present writer, thanks to the kindness of Father D. J. K. O'CONNELL, S.J., 
had the privilege of using ninety-nine exposures of V 523 Sgr on Riverview plates of 
the R and G series. These observations were combined into one pair of epochs with 
a series of estimates obligingly made for the purpose by L. DRAKE, S.J., at Riverview, 
on eighty-eight plates of the same two series. 

From the original phases a small correction proportional to the time of observation 
has been subtracted, so as to make the inclinations of the rectilinear parts equal and 
of opposite sign. An appropriate horizontal scale made the two inclinations equal to 

15°. On a diagram of the observations thus reduced a copy of Fig. | was super- 
posed. This preliminary comparison gave a fair estimate of the orbital eccentricity, 
but it showed at the same time that the representation by a pair of straight lines is 
good as a first approximation only. A new adjustment was accordingly made, the 
result of which is represented in Table 2 and Fig. 2. The final correction to phase 
is 000000045 (J.D. 2,400,000), so that the definitive phase equals (J.D. 


77 


2,400,000) 0-43032775, with an estimated uncertainty of five units in the last 


decimal of the reciprocal period. The corresponding reference period for the ephemer- 
ides of the two minima is 243238102 + 040000002. 

With a vertical scale of 50 cm to the orbital period, the final horizontal scale is 
| em to 4400 days. The apsidal period will therefore be 2e(1 — e?)-1? « 220,000 days. 
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Fig. 2. Observed minima of V523 Sagittarii. Abscissa epoch of observation. Ordinate 
fraction of orbital period. Solid circles and square primary minima, Open circles 
and square: secondary minima 
Tat O} ved minima of V 523 Saqitta 
Phase Phas 

Obs 1p mar lary 

nimiu n ium 

Harvard ISS9—1899 ? 413,000 0-489 O-O19 

Harvard 1899-1902 = 2,415,400 0-508 0-013 

Harvard 1903-1905 2 416.700 0-515 0-002 

Harvard 1906-1908 2 417.800 0-514 0-000 

Harvard 1909-1911 = 2,418,900 0-52] 0-994 

Harvard 1912-1914 2,420,000 0-528 0-998 

Harvard 1915-1917 2,421,100 0-535 0-990 

Harvard 1918-1920 2,422,200 0-532 0-983 

Harvard 1921-1923 2,423,300 0-540 0-970 

Harvard 1924-1926 = 2,424,400 0-549 0-980 

Harvard 1927-1931 2,426,000 0-563 0-978 

Leyden 1928-1932 2,426,200 0-553 0-968 

Harvard 1931—1934 2,427,100 0-566 0-978 

Harvard 1935-1936 2.428.200 0-557 0-962 

Tadjik 1938-1942 = 2,430,000 0-556 0-969 

Riverview 1950-1953 ? 434,200 0-565 O-GDS 

Phase equals (J.D 2,400,000 0:4303277 


Conjunction of the line of apsides occurred a.p. 1902-2. Ephemeris curves for 
orbital eccentricity 0-2 were fitted to the observations. This value of the eccentricity 


makes the apsidal period 248 years = 39,000 orbital periods. With a somewhat 
narrower horizontal scale, a higher eccentricity and a somewhat longer apsidal 
period would have been equally possible. 

Fig. 2 shows an especially large deviation for the Riverview primary minimum, 
which is, indeed, incompletely covered by the observations. Although the deviation 
seems to be larger than the uncertainty of the epoch, it would be premature to con- 
clude that a simple uniform motion of the apsides is not confirmed by the observations, 
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especially since there is some doubt left (DE Kort, 1942) about the exact phase system 
in JONES (1938). The influence of the inclination can be estimated in the case of 
V 523 Ser, since RuSSELL (1939) found 7 85°, and CATLLIATTE (1948) 85°5 and 86°. 
The effect of the inclination is to displace the minima in opposite directicns, but the 
change in the interval between the minima remains everywhere below 0003, so 
that the inclination has no importance for our photographically observed epochs 
of V 523 Ser. 

Further observations of this star will be valuable, if they are accurate enough to 
give times of minima within at least 0-005 phase. 
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Photometric Effects of Gaseous Envelopes in Close Eclipsing Binaries 


MIcHAEL W., OVENDEN 


The Observatories. ( ambridge* 

SUMMARY 

\ brief discussion is given of observations of short-period ec lipsing binaries, which indicate that variations 
from a mean curve may be attributed to absorption by gaseous envelopes. An analysis is made of the 
deviations from a mean curve in the author’s two-colour photoelectric observations of GO Cygni, by a 
method which utilizes the stability of the response of the photoelectric cell. The deviations are shown 
to be correlated with the asymmetric terms in the variation of light between eclipses, and it is suggested 
that such asymmetric terms are due to photometric effects of gaseous envelopes. 


IN the second decade of this century, Professor StRaTTon directed a research by 
Mr. F. E. BAxaNnpbALL (1930) on the spectrum of # Lyrae in which the system of 
displaced “satellite lines” visible just before and after the primary eclipse was 
discovered. In recent years, the discussion by STRUVE and his collaborators of the 
behaviour of these lines and their analogues in other close binary systems has brought 
a new field of study into astrophysics, the study of the properties of gaseous rings 
and envelopes in close binaries (STRUVE, 1949, 1950). 

The present note is concerned with the evidence of photometric effects of such 


stellar envelopes in eclipsing binaries of the / Lyrae and W Ursae Majoris types. 


* Now at the University Observatory, Glasgow 
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As is well known, the major difficulties in the interpretation of the light curves of 
these systems are: (a) the variability of the light curve, and (b) the existence of 
asymmetrical terms of unknown origin in the large variation of light between 
eclipses. The conventional procedure when analysing a light curve of this type is to 
express the variation of light intensity between eclipses as a series in phase angle 4 
of the form 


A A, cos 4 Ay cos 24 As sin 9 A, sin 26, 


0 


and on the basis of the theories of the causes of the various terms, to rectify the light 
curve to correspond to the eclipses of spherical stars, for which systems extensive 
tables are available. 

D'fficulty is immediately encountered in the incompleteness of the theoretical 
explanations of the various terms. The only term for which a reasonably satisfactory 
theory is available is the cos 24 term (KopaL, 1946), attributed to ellipticity of the 
component stars. Although the theory has gone little beyond the assumption of equal 
ellipticities for the two components, it can be said to be satisfactory in dealing with 
present observations. The cos # term is attributed to the so-called “reflection effect”’, 
i detailed formula for which was given by MILNE (1926), but although the major 
factor giving rise to this term is known, the theory has not been developed beyond 
that of illumination of the reflecting star by a point source at a finite distance 
SEN, 1948), which is manifestly a poor approximation for “contact” binaries. 

The sin 9 term. seen as a difference in the heights of the two maxima of the light 
curve, presents more difficulties. As early as 1906, RoBERTS attempted to explain 
a variation of the form a. cos 4 b.sin § as a “‘periastron” effect of tidal forces 
stronger at periastron than at apastron. Many subsequent attempts to explain the 

periastron’’ effect as due to pulsations have been made; they have been discussed 
recently by MERGENTALER (1950), who finds them all unsatisfactory. 

The only model advanced in explanation of the sin 24 term is that given by 
DuGan (1920) for U Cephei, who coupled this term with the cos 26 term as indicating 
a tidal lag in the shape of the components. This model is. however, in conflict with 
the theoretical conclusion that the surfaces of the components have their equilibrium 
figures under the instantaneous rotational and tidal forces. The origin of the sin 24 
term is thus at present unknown also. 

In seeking an interpretation of the asymmetrical terms, it is important to remem- 
ber that the expression of the light variation between eclipses as a Fourier series is 
quite arbitrary, and a given effect may contribute to more than one term; thus the 
reflection effect in MILNE’s simple formula includes a small cos 24 variation. The 
coefficient of the cos 4 term is sometimes negative, as in AG Virginis (Woop, 1946): 
clearly in this case this term is not due to any “reflection effect’’. If the asymmetrical 
terms are in fact due to the gaseous envelopes, then no simple variation with phase 
angle is to be expected. 

After rejecting the pulsation theories of the “‘periastron effect’, MERGENTALER 
(1950) concludes that the sin 4 term is due to differential absorption of an unsymmetri- 
cal gaseous envelope. If this explanation is correct, then variations of light correlated 
with sin # are to be expected. Two types of variation of this nature have been 
reported. Thus, for example, a variation from period to period in the height of the 
maxima of the W Ursae Majoris type variable 441 Bootis is shown in the photo- 
electric observations of EGGEn (1948). His observations also indicate a more rapid 
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fuctuation of a ‘‘flare-like’’ nature, which is shown more clearly in HuRUHATA’S 
observations of U Pegasi: Hurunata (1952) finds a variation of the order of 03 
at a wavelength of 3950 A, but less variation at longer wavelengths. 

The author’s photoelectric observations of the eclipsing variable GO Cygni show 
a similar effect. A complete discussion of the observations will be given elsewhere ; 
for the present purpose it is sufficient to record that some 350 comparisons of 
GO Cygni and a standard star, BD 34°4098, were made between August, 1950, and 
October, 1951, in two colours with the pulse-counting photometer of the Cambridge 
Observatories attached to the 15-in. Huggins refractor (YATES, 1948). The filter 
systems, combined with the spectral sensitivity of a typical photomultiplier of the 
type used, and the transmission of a standard 15-in. visual objective, gave maximum 
sensitivity at 4200 A in the blue system and 5250 A in the yellow system. 

GO Cygni has a period of about 0/72; the variation outside eclipses is continuous, 
and the secondary minimum due almost entirely to ellipticity. The spectral types 
of the components are given as B9 (brighter component) and AO, following PEARCE’s 
(1933) spectrographic observations, but the analysis of the photoelectric observations 
shows that the observed spectrum of the fainter component is due to reflection, and 
that the true spectral type of the fainter component is later than FO. Radial velocities 
by PEARCE combined with the deduced inclinations give the masses of the stars, and 
their radii in terms of their separation, as 

Mass Radius 
Brighter component . 1-12 
Fainter component . 0-94 


The system is intermediate between / Lyrae and W Ursae Majoris types. A least 
squares analysis of the variation of light intensity outside eclipses gave the following 
coefficients for the asymmetric terms: 


Yellow . 0-012(+ 0-002) sin 4 0-006(+ 0-002) sin 294, 


Blue 0-001(+ 0-002) sin 6 0-023(+ 0-002) sin 294. 


The accuracy of a single comparison is limited by the Cambridge sky to about 
0702, and hence any direct analysis of deviations from a mean curve would not 
suffice to detect any variation of the expected order of magnitude. However, the 
stability of response of the photometer over long periods provides an objective 
criterion of the quality of a given night’s observations, in the mean deviation in 
magnitudes, 7, of the comparison star measured against itself. (Since the accuracy 
of the observations is limited by variations of sky transparency, the spread of obser- 
vational errors will be constant on a magnitude scale for a given night.) Linear 


interpolation between adjacent counts of the comparison star was used, and if the 


deviations from a mean curve were entirely observational, the mean deviation in 
magnitudes of the individual observations of the variable would be proportional to », 
although rather less than 7 since the interval of interpolation of the comparison star 
for GO Cygni was less than the interval for the comparison of the standard star 
against itself. 

The deviation of the deduced magnitudes of the variable from a mean curve 
drawn freehand through the normal points, 6, was found for each observation, and 
divided by 7 for the night of observation. The mean value of 6/7 for each normal 
point was found, and in both yellow and blue observations, a marked variation of 


11a Photometric effects of gaseous envelopes in close eclipsing binaries 


this quantity with phase was found, although the nature of the variation in the two 
colours was very different. The mean value of 0/7, was then found for constant ranges 
of |sin #) and plotted against |sin 6|:; the result, in Fig. 1, shows a definite correlation 
with sin 4). The blue observations showed no correlation with |sin 6| when treated 
in the same way, but showed a marked variation in the opposite sense with |sin 26 
Fig. 2): it should be noted that the coefficient of sin 9 in the yellow curve is positive, 
while that of sin 24 in the blue curve is negative. 
The correlations are formally equivalent to correlations with {cos 4| in the yellow 
ind cos 24 in the blue, but there is no ambiguity in identifying the terms giving 
rise to the variations, since (a) the cos 9 term, although significant in the blue, is not 


8 ze é 0-2 on, on: 2:8 ‘O 
sin O| sin 26] 


1. GO Cygni: vellow deviations Fig. 2. GO Cygni: blue deviations 


so in the yellow, and (4) the cos 24 term has the largest coefficient in both the blue 
and the yellow, and its variations would be expected to show the same correlation 
in the two colours. 

It may be concluded, therefore, that the processes causing the sin # term in the 
yellow and the sin 24 term in the blue are subject to intrinsic variations of the order 
of a few hundredths of a magnitude, either during a single period or from period to 
period. The interpretation of the sin # term as due to a gaseous envelope seems 
satisfactory: the sin 24 term may be tentatively attributed to a similar cause. It is 
clear, however, that the two terms must arise in different regions of the envelope 
system, both because of the different nature of the variation with phase angle, and 
because the sin # term is greater in the yellow than the blue, while the sin 24 term 
is greater in the blue than the yellow. 

MERGENTALER (1950) considers the continuous absorption of the envelope as due 
to the negative hydrogen ion, which gives an absorption which increases with 
increasing wavelength in the observed range, which would thus apply to the sin 4 
term. For an envelope close to an early-type star, the number of negative hydrogen 
ions would be too small to cause the major absorption. Consider, for example, the 
present case of GO Cygni; the illuminating radiation is primarily that of the B9 star, 
whose temperature may be taken as about 16,000°K (SEARES and JOYNER, 1943). 
The ra‘io of the number of negative hydrogen ions to neutral hydrogen atoms 1s 
given approximately by the Saha equation 


log (NP, Ni-) 5040). ‘pees! log é hi log W 6:49, 
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where P, is the electron pressure in the envelope in atmospheres, J’, is the dissociation 
potential of the negative hydrogen ion (— 0-747 eV), and W is the degree of radiation 
dilution. According to STRUVE (1950, p. 194) the radiation dilution of a typical 
envelope is ~ 10-1; taking P, ~ 10-4, comparable with the electron pressure in 
the outer layers of a late B-type star, gives V,,/N,,- ~ 107. The degree of radiation 
dilution is not too far from order unity, and the order of magnitude of the ratio of the 
number of atoms in the second quantum state capable of absorbing in the Balmer 
continuum to the number of neutral hydrogen atoms will be given by the Boltzmann 
equation 
Vil Ni = (qa/h) exp (— 22) RT), 


where 7, is the excitation potential of the second level and q,, q. are the statistical 
weights of the first and second levels. For hydrogen, 72 10-2 eV, and (q./q4;) 4; 
hence V;,.Nj, ~ 1073, and N,,-/N,, ~ 10-4. Absorption on the Balmer continuum 
will thus be more important for these regions of the envelope than continuous absorp 
tion by the negative hydrogen ion. Since some 10 per cent of the radiation receit od 
in the blue system used for GO Cygni has a wavelength less than that of the Balmer 
discontinuity, this may explain the fact that the sin 24 term is much larger in the 
blue than in the yellow. 

If it is assumed that the system of gaseous envelopes surrounding GO Cygni is 
similar to that deduced by Kurper (1941) for # Lyrae, then the sin 24 variation may 
be identified with absorption by the common gaseous envelope in which the stars are 
immersed (KUIPER 1941, Fig. 4), and the sin # variation with the extended envelope 
ejected from the system and expanding in a spiral form (KurpEerR 1941, Fig. 13). 

If the asymmetric terms in the light curves of close binaries have been correctly 
attributed to absorption by gaseous envelopes, then no accurate derivation of 
elements from the light curves of these systems will be possible, since even when the 
physical processes taking place in the envelopes are better understood, the large 
variations which they cause could not be allowed for unless simultaneous spectro 
graphic observations of the behaviour of the satellite lines were available. This 
discussion emphasizes the importance of an accurate definition of the photometric 
system used in observing eclipsing binaries, and the difficulties of attempting to 
combine directly observations of a light curve made in more than one system. 
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Statistics and Recent Results on Eclipsing Binaries 


Mario G. FRACASTORO 


Osservatorio Astrofisico, Catania, Italy 


statistical investigation which is based on the data contained in the General 

Stars, edited by KUKARKIN and PARENAGO, and its supplements. 
en into special account, also its relationship to the other physical properties of the 
r absolute magnitude. This relationship between P and M is clearly shown 

. particularly when the components belong to the main sequence. 
ing constant light at minimum, approximate values of the radii r,,, are 
units). These values are compared with those resulting by ordinary 
They are also considered in themselves and their frequency distri 

\ type stars. 


present status of the research concerning some long period or peculiar systems Is rey iewed. 


|. INTRODUCTION 


THE presence of extended atmospheres around some stars is nowadays established 
by spectroscopic observations Many papers have appeared on this subject and 
reference to all of them cannot be made here. 

The study of eclipsing binaries has made an important contribution to these 
investigations when very accurate photometric (specially photo electric) observa 
tions are available at different effective wavelengths. the corresponding light curves 
can be analysed, and some of the existing anomalies may be attributed to extended 
envelopes whose opacity varies with ~. On the other hand, spectrophotometric 
observations may show peculiar o1 typical changes corresponding to certain values 
of the phase. 

A typical star with an extended atmosphere is the red supergiant component of 
C Aurigae. 

One of the purposes of the present statistical investigation is to seek common 
properties—if any—of systems whose components possess extended atmospheres. 
The source of all the data used in this investigation has been the General Catalogue 
of Variable Stars, published by KUKARKIN and PARENAGO (1948), and its four supple 
ments up to 1952. 

More than twenty years ago GAPOSCHKIN (19382) examined statistically 349 
eclipsing binaries, using the existing photometric data as well as spectroscopic 
elements. In addition, the frequency of the periods P, the duration D of the eclipsed 
phase in terms of P, and other available physical features were examined. 

Among the several statistical investigations on eclipsing binaries, two very recent 
ones may be recalled here. CHUDOVICHEV (1952) published all elements deduced 
from the light curves of 356 systems, arranging them according to the length of the 
period and the shape of the components; a further discussion of these data was not 
made. PLaut (1950) collected all the available observational data for 118 systems 
brighter than 8750 at maximum, computed their orbital elements from the light- 
curves and also utilized spectroscopic data. An investigation of these parameters 


and of the relation between them was also made in a subsequent paper (PLAUT, 
1953). 
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We intend in this paper to take into account the largest possible number of systems 
(more than 2000), emphasizing those stars which show some uncommon features. 
However, the general statistics of eclipsing systems is also tentatively discussed with 


the help of some simple working hypotheses. 


2. FREQUENCY DISTRIBUTION OF THE PERIODS 
By considering all known eclipsing binaries and plotting them in terms of P, we get 
their apparent distribution; see curve (a) in Fig. 1. A double logarithmic scale was 
used, dividing the abscissa into intervals of 0-1 in log P, and taking as ordinates 
the smoothed values }(n;_, + n; + ”;,,). The curve shows a maximum for P ~ 2451. 


a 


= 


| 


Fig. 1. Frequency distribution of eclipsing binaries (double logarithmi 


Many causes of selection affect the shape of this curve and particularly the position 
of its maximum. Some of these causes are the following: 

(a) The Apparent Magnitude of the Star. The ratio n(m)/N(m), (where n(m) is the 
number of eclipsing binaries of magnitude m, and N(m) the total number of stars 
belonging to the same magnitude range), decreases uniformly with m. Its value is, at 
present, 3-74 10~? for all stars brighter than 3™00, and only 0-34 10-4 for stars 
whose magnitude ranges between 14™ and 15™, This means that only a small per 
centage of all eclipsing stars has so far been discovered. Their actual number can 
be computed on the assumption that the percentage found for the brightest stars is 
final, and can be applied to all classes of apparent magnitude. 

(6) The Value of D/P. This quantity affects the probability that the star will be 
identified as a variable. 

(c) The Value of (r, + rz) in Terms of (a), the Semimajor Axis of the Orbit. This is 
an intrinsic parameter which depends on the physical nature of the system itself. 
The greater the value of (7, + r,), the higher is the probability that the double star 
will be observed as an eclipsing variable whatever the position of its orbital plane in 
space. An inspection of the values of the semi-major axes of the components, as 
determined by CHubDovICcHEY for elliptical (distorted) stars, shows that the mean 
value of the sum of these axes is practically constant for a given P. Consequently, 


the probability of discovering an eclipsing binary with distorted components should 


depend very little on the period. 
(d) The Absolute Magnitude of the System. The fainter the intrinsic magnitude of 
the star, the smaller is the volume of space filled by the observations. Since the 


>& 
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absolute magnitude of the system appears strictly correlated to the period, the 
apparent distribution in P is affected by the absolute magnitude of the components 
and their spectral types, if they belong to the main sequence. For the longest periods, 
only giants or supergiants are found. 

Fig. 1, curve (b), shows the frequency-period distribution curve, when only 
distorted systems are taken into account. The maximum is shifted noticeably 
towards shorter periods and corresponds to P = 0°56. The curve has two secondary 
maxima which are probably due to the presence of giants and supergiants. Almost 
all eclipsing binaries with very short periods have distorted components: the 


opposite is true for the longest periods. 


3. PHysIcAL PARAMETERS FOR DISTORTED SYSTEMS 
The mean density of distorted systems can be computed by means of the well-known 


equation: 


477703 | 37 | 
ss sa — +e =, se 
G Wy Ts G ra) iis r.” 


where «, and wy are the masses, 7, and 7, the equivalent radii of the two components. 


Taking the semi-major axis (a) of the orbit as unity, we assume 


where |’, and J’, are the volumes of the components. 


1 
An inspection of the values given by CHUDOVICHEY for the semi-axes of elliptical 


stars shows that. when P I°5, their mean values are practically independent of 
P, being 4, 0-39 and a, 0-36. On the other hand, the mean oblateness of the 
ellipsoids is about 0-85 and consequently the corresponding 7's are 7, 0-35 and 
ro 0-32 (a 1). 
; | 
Therefore 13 turns out to be an acceptable mean value of — . Consequently, 
a rs 
we have 
log 8 0-60 2 log P. Sos ie 


$y means of equation (3) theoretical values of 6 can be obtained in terms of P; 
this is shown in Table 1, where the first column gives the mean period corresponding 


to each interval, and column 2 gives the 6 values. 
Table 1 

P — ‘ Ss] nes My Sur ( k s my 
O¢22 g-53 K5 7-0 Og 1-0 ()-57 0-52 
0-28 2°22 G7 D6 1-3 1-4 0-79 0-73 
0-36 1-4] G2? 4-8 1-5 1-7 0-96 O-S9 
0-45 0-89 F's 4-2 1-8 2-1 1-2 1-1 
0-56 0-56 F4 3-5 2-2 2-6 1-5 1-4 
0-71 0-35 FO 2g 2.4 3+] 1-8 1-6 
0-89 ()-22 Ad 2. 3-1 4-0 2-3 2-] 
1-12 0-14 Al 0 4-2 5°] 2-9 aa | 
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Further investigations can be made on distorted systems. The spectral type of the 
brighter component can be plotted as a function of log P. It appears that the two 
parameters are fairly correlated up to a certain value of P (see Fig. 2). Therefore, a 
mean spectral type can be established for systems having a certain period of revolu- 
tion (Table 1, column 3). The upper limit of P for which this relationship is valid is 
reached at the top of the main sequence. For greater values of P, giants or super- 
giants come into prominence and these can belong to any spectral type. 
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Fig. 2. Correlation between spectral type and period (distorted systems 


Along the main sequence, when the spectral type and density are known, the 
corresponding absolute magnitude and mass (with some assumptions regarding the 
fainter component) can be easily derived. These are recorded in Table 1 (columns 
4 and 5). From these values, the semi-major axis of the orbit can be deduced, using 
equation (1), and hence the absolute dimensions of both components (Table 1, 
columns 6, 7, and 8). The results show a fair agreement with the paramevers usually 
accepted for main sequence stars. For instance, a spectral type G2 (for the brighter 
component) gives an equivalent mean radius 0-96 in in terms of the radius of the Sun. 


The spectral type Al corresponds to 7 2-9, 


4. SIMPLIFIED DETERMINATIONS OF r-VALUES FOR TOTAL ECLIPSES 


For statistical purposes, we assume that the inclination of the orbit be 7 90°. 
In that case it is easily seen that 
. aD 
t ie a sin . 
- P 
. (4) 
_ ad 
ry > asin —, 
“ P 


where D is the duration of the eclipsed phase and d that of the total phase at primary 


minimum. 
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Equations (4) allow us to compute 7, and r, separately, without distinguishing 
between the hotter and the cooler component. These values are in percentages of a, 


but they can also be given in absolute units when a is known through equation (1) 
or by means of some determination of the masses. Even an approximate value can 
prove very useful, since this parameter has only a weight 4} in the determination of a 
(COLACEVICH, 1938). 

By means of the equations (4) values of 7 have been computed for all eclipsing 
binaries having d 0 in the catalogue of KUKARKIN and PARENAGO. Some of these 
systems have been carefully observed, and from their light-curves the elements were 
previously computed by classical methods. A comparison between our values and 
the previous ones does not show any systematic difference, even if the agreement in a 
tew cases appears rather poor. In fact, the r-values determined by means of classical 
methods depend on a selected group of systems, and cannot be considered as definitely 
certain. On the other hand, the values of ) and d in our equations could possibly be 
improved through further observations or through a critical re-examination of the 
present data. 

If we plot log ry in terms of the spectral type, when known, it appears that for 
totally eclipsed binaries 7 is rarely smaller than unity (¢.e. one solar radius). The 
values are very scattered for the late spectral types: however, they appear fairly 
well clustered for A-type stars. The number of observed radii, when plotted in terms 


of log r (divided into intervals of 0-1), gives more or less a Gaussian distribution for Vi 
stars ranging from Bs to A3, and the most probable value turns out to be r 2-9, lL! 


It may be recalled that this value is the same as that found for binaries with distorted 
components. Both of them are somewhat larger than is considered normal for a 
typical star of the same spectral class. This discrepancy could be tentatively inter 
preted as due to extended atmospheres, whose presence might be less exceptional 


than would have been thought possible some years ago. 


5. DISTRIBUTION OF D P-VALUES IN TERMS OF LoG P 
FOR ALGOL-TYPE BINARIES 
The value of ) P in the case of total eclipses is approximately a linear function of 
\T} rg). When the eclipse is (or is supposed to be) only partial, D Pr is a function 
also of the fraction x of the eclipse. Since the probability that a binary star will be 
identified as an eclipsing system depends, as already stated, on the D P-value, it 
may be interesting to plot all these values (as given by KUKARKIN and PARENAGO 
for all Algol-type systems) in terms of log P. The resulting mean value of (7, + 7.) 


Table 2 
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is smaller, and the two components become more independent, when P increases. 
In Table 2 the mean values of D/P are given as a function of log P. 


6. THE PRESENT STATUS OF SOME EXCEPTIONAL SYSTEMS 


The occurrence of an eclipse for stars with a very long P suggests very large values of 


one or both the radii. Amongst more than two thousand eclipsing binaries given in 
KUKARIN and PARENAGO’S catalogue and its supplements, only nineteen have 
P > 1004, Apart from some stars which were not confirmed as eclipsing binaries 
after their inclusion in this catalogue, eight systems revolve in more than 900 days, 
namely: ¢ Aur (P 98834), VV Cep (74304), V 381 Sco (64754), V 383 Sco (49004) 
31 Cyg (37644:), 32 Cyg (11414), ¢ Aur (9724), and V 777 Sgr (9364), 

Table 3 records some data concerning these eight long-period systems. When two 
values for k are given, the upper one is deduced by means of equations (4); the lower 
value, on the other hand, is obtained by different criteria. 


Table 3 


Period 
in days 


¢ Aurigae , Q883 O75 0-0362 0-343 
VV Cephei 7430 O66 0-061 4 0-040 
V 381 Scorpii 6475 L035 0-0464 3-7 0-36 
V 383 Scorpii 1900 120 0-000 ( Yin 
$l Cygni 3764 O1L76 0-0163 040 
32 Cygni 1141 Q2 O-O12 y 12 
OOS4 
¢ Aurigae Q7: 04] O38 7 036 
O16 
V 777 Sagittarii 936 060 055 : eK5 042 


All the above stars can be considered as exceptional. Five of them, namely 
VV Cep, 31 and 32 Cygni, ¢ Aur, and V 777 Sgr consist of a very large supergiant 
late-type component and a hot main-sequence companion, which adds mainly to the 
violet and ultra-violet radiation of the whole system. Its contribution to the visible 
light is almost negligible, and consequently the amplitude of the primary minimum 
is very small in that region of the spectrum. All these stars occupy very similat 
positions in all our diagrams. 

In the case of ¢ Aur, V 381 Sco, and V 383 Sco, the only visible spectrum is a 
late A- or F0-type, with supergiant features and some interesting peculiarities. 
According to some recent observations, the spectral type of « Aur is given as ASla; 
V 381 Sco is classified as A5la and V 383 Sco as FOla. 

Recently Korat (1954) proposed an interpretation of the eclipses of e Aur as being 
due to a ring of macroscopic dust (the diameter of the particles being large in com 
parison with 4), surrounding the dark component of the system, and inclined with 
respect to the orbital plane. In fact, the nature of the eclipses of « Aur, as well as 
V 381 and V 383 Sco, is likely to be quite different from the usual type. Apart from 
the similarity in their spectral class, the large values of k (the ratio of the radii) as 
deduced from the duration of the partial phase, are quite unusual for eclipsing systems 
with such a long period. The amplitudes, too, offer some difficulties if an interpreta 
tion according to the classical model is attempted. 

According to STRUVE (1953), e« Aurigae should have been in the atmospheric phase 
since the beginning of 1953. It happened, however, that up to the end of that year no 
trace of atmospheric phenomena was detected ; this conclusion was kindly transmitted 
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to the writer by KopaL. Spectra of « Aur have been taken since March 1953 at 
the Asiago Observatory with the 48-in. reflecting telescope and dispersions of 
10 and 14 A per mm. Up to December, 1953, no line showed any enhancement in 
comparison with other lines (within a spectral range around 4000 A). Further 
observations have been carried out, as well as a detailed investigation of the existing 
material. The decay of light began on June 5, 1955 (see STRUVE, 1956): the phase 
of constant light at minimum was expected to start 192 days later, with a duration of 
330 days. The rise towards maximum with another 192 days makes the duration of 
the entire geometrical eclipse 714 days. Apart from the usual spectrograms, KoPAL 
suggested that spectra should be secured with polarized light. in order to test the 
validity of his hypothesis and to determine the size of the particles of the ring. 

The existence of rings around eclipsing stars 1s now accepted in several cases 
(StRUVE, 1946; LoHMANN, 1950), namely, RW Tau (P 2177), AQ Peg (5955), 
TT Hya (6295), VW Cyg (8143), RW Per (1392), RX Cas (3293), SX Cas (3646), 
RZ Oph (261°9). These rings should surround the early-type components, being visible 
mainly near the total phase of the primary minimum. From photo-electric observa- 
tionsof DM Persei( P = 2°73), however, COLACEVICH found some anomalous features on 
the shoulders of the minimum, which could be attributed to a ring or something similar. 

Apart from a few exceptions, very little is known about the eclipsing systems having 
periods longer than 100 days. Some systems, however, belonging to this group have 
been observed with sufficient accuracy, and their k-values can be deduced and plotted 
as functions of log P. Such a diagram shows clearly the peculiar position of FP Car 
with its very large value of k. The spectrum of this star is A5, which is very similar 
to the three stars which we assigned to the class of ¢ Aurigae. 

The spectral types of some long-period eclipsing binaries have been recently 
determined (POPPER, 1948): BM Cas (P = 1974), A5la: KU Cyg (38°%4), F4la 

MONIT: AL Vel (96°1), KOT A3IIL-V: V 472 Sco (2094), K3ITT. 


ipsing stars show Ca II-emission lines (HILTNER, 1947), the origin ot 


Thirteen ec 
which is attributed to tidal distortions in the atmospheres, which isolate layers with 
large Catt content. These stars are: SS Boo (P 7°61), SS Cam (4°82), RZ Cne 
(21°6), RU Cne (1027), RS CVn (4480), WW Dra (3450), RZ Eri (3923), Z Her (3299), 
AW Her (8¢80), RT Lac (5207), AR Lac (1298), AR Mon (21°46), and RW UMa (7433). 
All components of the above systems are giants and their spectral types range 
between F2 and M, the primary being around F2 and G. The atmospheres of all 
these types are very abundant in Ca 11, and the above group might thus represent an 
analogue to the eight ring stars found by STRUVE. 

The spectrum of v Sagittarii (P = 138") has been thoroughly studied (GREENSTEIN, 
1950). It shows broad emissions for Hz, Hp, Hy, Hd, and He 3965 and 3889, together 
with a strong absorption component displaced towards the violet by an amount 
corresponding to about 270 km per sec. Whether this is a permanent feature of 
the spectrum, or whether it depends on the phase, is not yet known. The photo 
electric light-curve (EGGEN, KRON, GREENSTEIN, 1950) shows that the secondary 
minimum lasts longer than the primary. Furthermore, the photometric phase 0-00 
is displaced by about 124 31° with regard to the same phase as determined from 
the radial velocities. 

VV Cephei should be at second contact on 3lst July, 1956; its atmospheric pheno 
mena deserve an earlier inspection of its spectrum, the time-scale being fifty-five 
times slower than in the case of ¢ Aur. 
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After its discovery by Miss SwoPe (1936), V 381 Scorpii went through one minimum 
only, namely in December, 1943. It appears that no observations of the star were 
made on this occasion. The next minimum will occur in August, 1961. 

V 383 Scorpii, too, had only two minim since its discovery by Miss Swope, namely 
in June, 1941, and in November, 1954. A better determination of the light-curve 
will certainly be very helpful for a more accurate interpretation of the phenomena 
shown by this system. 

The last minimum of 381 Cygni occurred markedly earlier than expected 
(McLAUGHLIN, 1952a). Nevertheless, contact times have been determined rather 
carefully; the second contact occurred August 12-2, 1951, and the third contact 
October 12-5, 1951. The duration of totality turned out to be 61-3 days. The 
duration of the partial phase lies between 2 and 3 days according to different observers. 
This value should be influenced by the effective wavelength, because of extinction 
phenomena similar to those observed in ¢ Aur. In fact, the fraction f of the eclipse 
at the epoch + 1%3 after the third contact increases when / diminishes. The ampli- 
tude of the minimum also depends on 4. Spectrographic observations were also made 
in an attempt to determine the rotation of the K-component (MCLAUGHLIN, 1952b); 
curves of atmospheric eclipse intensity were also determined for 31 and 32 Cyg and 
VV Cep, in comparison with ¢ Aur, leading to relative time scales 3-3, 5-25, and 
about 55, respectively. Latest work on 31 Cyg is by Wrigut AND Lrx (1956). 

The latest minimum of 32 Cygni occurred between December, 1952, and January, 
1953. The first contact was observed on December 17-0 or somewhat later 
(McLauGuuin, 1952c). During the 1949 eclipse it was ascertained that the totality 
lasts for about 13 days: the duration of the partial phase is more uncertain, but a 
value of 4 days is suggested. A theoretical value of / has been given by COLACEVICH 
and FRACASTORO (1952), assuming that the spectral types of the two components are 


AO and gK5 (T', 11,800 and 7T', 3200°K). The result is k 1/110 in good 
agreement with the observed photographic amplitude (0™2). The values adopted by 
WRIGHT (1951) for the two temperatures (7',, 12,600 and 7’, 3150°K) and for 


the radii lead to an amplitude (0™5) which is greater than the observed value. Both 
authors assume that rx, is equal in 32 Cygni and ¢ Aurigae. The eclipse is grazing 
and, correctly, the simplified equations (4) can therefore not be applied to this 
system. 

On slit spectrograms, taken at the McDonald Observatory with the 82-in. telescope, 
the relative intensities of several lines have been measured with respect to the 
continuum, that of e Geminorum being used as comparison spectrum (COLACEVICH 
and FRACASTORO, 1952). Single line-intensities have been arranged according to 
multiplets, and the structure of the K-star atmosphere studied by plotting the mean 
intensity of the multiplets as a function of the time of observation or, in other words, 
of the height of the A-star above the edge of the K-star. It is concluded that on 
23rd December, 1949, not only the Ca 11-lines, but also some Ti 11- and Fe t-lines in 
the ultraviolet retained some excitation due to atmospheric phenomena. 

During the eclipse of ¢ Aurigae in Spring 1953 the star was observed by DE 
STROBEL (1954) at Asiago. The very beginning of the atmospheric phase was 
caught on 26th March, 1953. The equivalent widths of some lines have been 
measured, and the curves of growth for elements in the two component stars have 
been obtained in terms of the phase. It is now well known that the envelope of 


¢ Aurigae is not isotropic and that the phase of the beginning of the atmospheric 
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phenomena may change from one minimum to another, as pointed out first by 
BEER (1934, 1940), and again emphasized by BEER and OvENDEN (1951). (Juite 


recently, new ultraviolet spectrograms obtained at Victoria during the eclipse 
1955-56 are discussed by MCKELLAR (1956). 

Finally, V 777 Sagittarii appears to be a twin system of 32 Cygni. The period is 
only slightly shorter: the spectral types of the two components are eK5 and A, thus 
practically identical with those of 32 Cygni; the ratio of the radii is 1/25, or probably 
less if extinction phenomena are present, as they probably are: the last minimum 
took place in October, 1954. The existing observations are still very scarce and a 
warm invitation is given to the astronomers of the southern hemisphere to observe 


subsequent eclipses. 
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SECTION 13 


SPECTROSCOPY 


. Qui se considérera de la sorte s’effrayra de soy mesmes; 
se considérant soutenu dans la masse, que la nature luy a 


et, 
deux abismes de JV infini et du néant, il 


donnée entre ces 


tremblera dans la veue de ces merveilles, et je croiy que, sa 


curiosité se changeant en admiration, il sera plus disposé a 


les contempler en silence qu’a les rechercher avec présomption. 
Le ces deux infinis de sciences, celuy de grandeur est bien 


plus sensible, et c’est pourquoy il est arrivé a peu de personnes 
de prétendre a traitter toutes choses. ‘Je vay parler de tout’, 
disoit Démocrite . 

BLAISE PASCAL, Pensées (H. F. Stewart’s edition of the 


original text, pp. 20 and 22, London, 1950), ca. 1657. 


Quicquid nitet notandum. 
Motto of the ROYAL ASTRONOMI( 
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Atomic Spectra—Their Role in Astrophysics 


CHARLOTTE KE. MOORE 
National Bureau of Standards, Washington, D.¢ 
SUMMARY 


This paper deals with the use of atomic spectra as a connecting link between stars and atoms, illustrated 
by the spectrum of the Sun, our nearest star. The importance of the multiplets found from the analyses 
of laboratory spectra, in the identification of solar lines is exemplified by selected lines of P 1, S 1, Si 
Mgt, and Fer. Solar lines identified from predicted wavelengths, calculated from the energy levels, are 
found among these spectra. 

The elements represented in the Sun only in compounds or by only one atomic line are discussed in 
some detail. 

\ second revision of Rowland’s Table of Solar Spectrum Wavelengths, including measured equivalent 
widths and revised identifications, provides an excellent example of the role of atomic spectra in astro 
physics 


1. STELLAR SPECTRA 

A GLANCE In retrospect at the spect roscopic Vistas in ast ronomy a century ago reveals 
a considerable insight into astrophysics. ‘“The spectra of stars were observed as early 
as 1824 by FRAUNHOFER, and were studied extensively by Huaarns and SEeccui 
in 1864, as soon as the principles of spectroscopy were known’ (RUSSELL, DUGAN, 
STEWART, 1927). FRAUNHOFER found that the spectra of a few of the brightest stars 
exhibited dark lines such as he had observed in the solar spectrum. The yellow stars 
resembled the Sun, while the blue stars had a simpler spectrum. KIRCHHOFF and 
BUNSEN identified a number of chemical elements in the laboratory and in the Sun 
while HuGaatns, about 1863, recognized lines of familiar terrestrial elements, Na, 
Mg, Ca, Fe, H, efc., in the spectra of a few bright stars. SECCHI examined in less 
detail the spectra of nearly 4000 stars and grouped them into the remarkably small 
number of four types; this was the standard classification for many years. As early 
as 1870 LocKYER attempted to explain spectral classes in terms of the physical 
conditions of the stars. The spectral classification later developed into a continuous 
sequence “different stars exhibiting every stage in the transition, by almost imper 
ceptible degrees, from one type to another throughout the whole range’ 

With the building of more powerful telescopes and the resulting increase in both 
the number and accuracy of astronomical observations, the study of the physical 
characteristics of stars as revealed by their spectra has led to fruitful consequences. 
The HErRtTzSPRUNG-RUSSELL diagram and present grouping of stars into Populations 
[ and II are striking examples. The expansion of the vista in the entire domain of 
celestial spectra is impressive; novae, nebulae, high-velocity stars, and interstellar 
matter, as well as standard stars of each spectral type from the red giants to the blue 
stars and down the main sequence to the red dwarfs—all of these provide distinctive 


spectra that demand careful interpretation. Perhaps the exceptional stars are even 


more challenging. The white dwarfs, for example, stand apart from other stars on 
the mass-luminosity diagram and are interpreted as ““hydrogen-poor” stars. The 
complexities in other stellar spectra have led to the “shell star’’ model for an explana- 
tion. Still others exhibit ‘“‘abnormal”’ strength of carbon lines. In short, the working 
out of a satisfactory picture of stellar evolution that will take into account the many 
intricate problems presented by astronomical spectra, must go hand in hand with a 
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study of the many properties of the atoms of which the universe is made. The 
properties must be viewed from two directions: first, those illustrated by the stars, 


and, second, those illustrated in the terrestrial laboratories and applied to the stars. 
The present paper is concerned with a discussion of spectra as a connecting link 
between stars and atoms, from the second point of view. 

The scope of this subject is so large that it is perhaps advisable to limit it here to 
the appraisal of data from one star only, say the nearest star, our Sun, a typical 
dwart yellow star about half way down the main sequence. The solar spectrum 
furnishes one of the finest illustrations of the intimate tie between physics and 
astrophysics. 

2. THE SOLAR SPECTRUM 

ROWLAND’S classical work (1895-97) still presents a challenge to the present day 
astrophysicist. In the range between 2975 A and 7330 A he recorded some 20,000 
lines in the normal solar spectrum, and detected thirty-nine chemical elements in 
the Sun by photographing the spectra of different atoms in the laboratory and 
making a line to line comparison. All but two of these elements (Tl and Bi) have 
since been confirmed as present. An appreciable number of the fainter solar lines, 
however, still await identification. 

Modern observations emphasize the fine quality of ROWLAND’s work and the 
accuracy of the measurements, made by JEWELL. At the extreme ends of his range, 
i.e. from 2950 A to 3060 A (BaBcock, Moore, CoFFEEN, 1948), and particularly in Vi 
the infrared from 6600 A to longer waves, where his plates diminished in sensitivity, 1! 
his observations have been greatly extended. With the development of red-sensitive 
emulsions it has since been possible to photograph the solar spectrum to 13,495 A 
Meccers, 1919; Bascock and Moore, 1947). To longer waves various types of 
radiation detectors have been successfully used to map the spectrum as far as 24u 
(24,000 A) (MiGEoTTE and NIELSON, 1952). Atmospheric bands mask the real solar 
spectrum in a number of the long-wave regions, and the true solar lines appear only 
in the “‘windows” permitted by the constituents of the earth’s atmosphere. Never- 
theless, numerous solar lines are to be found in the published lists in the regions 
l5u to l7u and 20u to 24u (GOLDBERG, MoOHLER, McMatu, 1949: GOLDBERG, 

MouHLerR, PIERCE, McMatn, 1950). 


3. IDENTIFICATIONS OF SOLAR LINES 

This infrared vista is of special interest in connection with elements in the Sun. 
In some spectra the ultimate lines, 7.e. those most likely to be found if the element 
is represented in the solar spectrum, lie in the far ultraviolet where the solar spectrum 
is masked by a band of ozone in the Earth’s atmosphere. The leading accessible lines, 
particularly of the non-metals, lie in the infrared. Row Lanp failed to detect the 
non-metals in the Sun, in general, and the reason is now clear—the accessible lines 
were beyond the range of his observations. Phosphorus, for example, was not found 
until both the laboratory and solar spectra were observed near 10,000 A (Moore, 
BaBcouck, Kress, 1934), and the identifications of S 1, Sii1, and Mgt lines have been 
considerably extended in this region. 


4. PHOSPHORUS IN THE SUN 


Identifications of solar lines have been discussed in many papers. It may be 
appropriate, however, to mention a few special cases that illustrate some of the 
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present methods used to search for chemical elements in the Sun. Take, for example, 
the spectra mentioned above, starting with Pr. Because the most favourable lines 
are in the inaccessible ultraviolet region, the search must be made with the leading 
infrared lines. A careful appraisal of the data, however, leaves no doubt as to the 
presence of PT in the Sun. The evidence is presented in Table 1. 


Table l. Ptin the Sun 


Laboratory 


nsity Designation 


10,581-52 
LO,529-45 
LO,511-45 
10,813-03 
10,681-43 


10,581-538 

1L0.529-59 

10,511-631 
\bsent 


LO.68 1-46 


Ro RO NO PO BO 


10,596-92 


10,596-90 


The first five columns give laboratory data quoted from the Revised Multiplet 


Table (Moore, 1945), and the last five contain solar data. This laboratory spectrum 


has been observed by C. C. Kigss, who has also worked out the multiplet structure by 
means of the Hund theory of atomic spectra. Multiplets should be handled as a unit 
in searching for the lines in the Sun, and the lines should behave consistently as 
regards both intensity and wavelength, if the solar identifications are correct. Table | 
contains one multiplet of P 1—the one containing the leading accessible lines. 

The right-hand side of the table gives the relevant solar data (BABCOCK and 
Moore, 1947). The agreement between laboratory and solar wavelengths and 
relative intensities is entirely satisfactory. The residuals in wavelength, Sun minus 
laboratory, column 9, are not excessively large considering that in this region the 
observed differences in wavelength do not indicate large discrepancies in wave 
number, as is the case in the ultraviolet region of a spectrum. The spot intensity 
column 8, also adds weight to the correctness of the solar identifications. 

The differences in behaviour of lines in the spot, disk, and chromospheric spectra 
are analogous to those in laboratory spectra produced in the electric furnace, are, 
and spark, respectively. A low ionization potential (IL P) as well as a low excitation 
potential (E P) is favourable for the appearance of a line in the spot spectrum, since 
the spots are about 1000° cooler than the solar disk. For example, the spectra of 
Cat, Ser, Tit, and V1 all have a number of accessible lines with low E P ranging 
from 0-00 to 3-00 V. These lines are consistently strengthened in the spot spectrum. 
The ionization potentials for the group range from 6-1 to 6-7 V. Atoms of lower 
I P and lower abundance having neutral lines in the spot spectrum become com 
pletely or almost completely ionized in the disk spectrum owing to the higher temper- 
ature. This is well illustrated by the ultimate lines of Lit, Rb1, and Inti (IP 
4-2-5-8). The ultimate lines of Cs 1 (I P 3:9) are absent. 

Conversely the high excitation lines of first spectra (roughly those having a low 
E P exceeding 4 V), and lines of second spectra in general, are weakened or obliter- 
ated in the spot spectrum as compared with the disk spectrum. Furthermore, 
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RUSSELL (1929) has shown that except for the more abundant elements a low E P 
exceeding 5 V is unfavourable for the appearance of a line in the solar spectrum. 
Two of the three lines in Table 1 are obliterated in the spot spectrum, a fact readily 


explained by the E P of 6-96 V. 


5. SULPHUR IN THE SUN 

The data for S 1 are more striking. MEISSNER (1933) extended the solar identifica- 
dike ob 8 x:alsil-Whinadlke chesrvaiiden-depondt 10:000:A. hocnne wesilcble te tes 
possible to carry the work still further. Selected multiplets of S 1 are given in Table 2 
Moore and Bascock, 1934), where the arrangement is similar to that of Table 1. 

The solar spectrum is a composite spectrum containing lines produced by many 
different atoms and by both neutral and singly ionized atoms. Consequently, any 
line observed in the solar spectrum may be a blend, i.e. may be produced by more 
than one contributor. Such is the case with two St lines in Table 2. The line 
at 9212 A is due partially to an atmospheric line which is blended with St. The 
solar intensity 2 of the line at 8679 A indicates that ST is not the leading contri- 
butor, the blend being one of Fe I and N1 in this case, with Fe 1 predominating. 


fl = S.in th Si? 
Sul 
\A 
} , = 1A Lal Ident 
1) Sy 

212-9] 10) b-o0 2—od ts °S°—4p ®P 9,212-838 a) 4 0-07 Atm S1 
1228-1] 10 650 22 9228-10] ! 0 0-0] 7 
1237-49 10 Hol 2—] 9,237-5¢ t SN 0-07 ie | 
10,445-4 Ss O-S3 1-2 is *S~-4 i 10,455°455 S 2 0-0] SI 
10,450-4¢ s 6-83 1—] 10,459°436 7 0-02 Ss! 
10,456-79 } O°S5 1) 10,456-°753 4 I 0-04 Ss! 
8.694-70 ) 7:84 >-4 4 P —4d *D 8694-641 y 4 yt 0-06 SI! 
&. 680-47 s 7°83 » a 8. 6S0-405 0 I O-O7F SI 
8.671-37 | 7°83 > 8. 671-308 IN 0-06 SI 
8.093-US ; 7°84 3—o 8.693-958 () ob 0-02 S| 
8 679-76 » 7-23 ye. 8.679-646 » ] O-O5 Fei-S1 
8. 670-65 ) 7-83 = 8.676-627 0-Q2 Si 
8.095-24 | 7°84 3-2 8693-15 ; 0-09 S 1 
8.679-00 | 7°33 2—-] 8,678°950 2 0-05 Si 
&.670-19 7-83 1-0) 8.670-20 A 0-0] SI 


6. SILICON IN THE SUN 


The spectrum of Sil provides a prominent link between atomic and solar physics. 
In 1928, when the first Revision of RowLanpb’s Preliminary Table of Solar Spectrum 
Wavelengths was prepared at the Mount Wilson Observatory by St. Jonn, Moore, 
Wark, ApAms, and BaBcock, a conspicuous solar line at 6155-148 A defied identi- 
fication. As soon as KIEss observed the laboratory spectrum of Sit in this region 
the mystery was solved. When observed with a laboratory arc in air the Sit lines 
are diffuse and wide, whereas in the solar spectrum they are well defined and much 
easier to measure accurately. Consequently, solar wave numbers introduced into 
the multiplet arrays of Sil are so consistent internally that they provide more 
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precise values of atomic energy levels than can be derived from infrared laboratory 
measurements of wavelength. In addition, they afford a valuable check on the 
accuracy of infrared wavelength scale, where standards are needed. An illustration 
of the use of these wave numbers for Sil is given in Tables 3 and 4. Twenty-five 
Si I lines have been selected from the large number present in the Sun. The successive 
columns of Table 3 give the solar wavelength, the disk and spot intensity, the solar 
wave number in kaysers, and the solar identifications. A small section of the multiplet 
array is presented in Table 4. Here only solar data are given: solar wave numbers 
from Table 3 are entered, and solar values of the atomic energy levels replace the 
similar laboratory data from which the multiplets were first found. Above the wave 
number the estimated intensity in the disk spectrum is entered. The vertical and 


Table ao wl solar lines 
Intensity 
ra W “% N saens 
Disk Spot 

8$,093-°232 3 ON 12,352-61 Sil 
8,179-48 3 12,222-36 Sil 
8,338°343 2 11,989-50 Sil 
8606-00 » ob 11.616-6]1 Sil 
8667-366 | l 11,534-37 Si 1-Fe 
8, 766-°417 l 2 11,404-04 Sil 
8.883-68 0 ob 11,253-51 Sil 
8,892-738 $ } 11,242-05 Sil 
8,925-288 l IW 11,201-05 Sil 
8949-06 IN 0) 11.171-29 Sil 
9585-934 3 10,429-09 Atm Si! 
9,768-33 IN ob 10,234-36 Sil 
9891-61 IN iT) 10, 106-80 Sil 
10,124-83 2N 9,874-00 Sil 
10.288-950 6 3W 9,716-50 Sid 
10,371-285 i) S\\V 9 639-37 Sil 
LO,582-155 2 IN 9,447-28 Sil 
10,585-137 12 10 9,444-62 Sil 
LO,869°57 } 5 9,197-48 Sil 
11, 890-48 l 8407-78 Sit 
11,984-50 LONs 8,341-82 Si 1-Atm ? 
11,991-63 tn 8336-86 Sil 
12,031-56 LOn] 8309-20 Sil 
12,103-62 4 8,259-73 Sil 
12,270-76 Sn 8,147-22 Atm’? Sil 


horizontal differences in Table 4 demonstrate the consistency of the solar data 
when subjected to the rigorous test afforded by this detailed examination of the 
multiplets. The level values given along the top and left side of the table are averages 
taken from all available unblended Sit solar lines. The differences between these 
sets of values give the ‘‘calculated’’ wave numbers entered below the solar value in 
the table. For example, the transition 4p 7D, — 6s °P> is calculated as 11,242-10K 


as compared with the solar value 11,242-05. An asterisk indicates that the line 


may be a blend. In three cases an atmospheric line may also be present. For 
blended lines more tolerance must be permitted in the wave number differences, 
and in observed vs. calculated values, since the measured solar wavelengt.. is 


OS-90OT- 


NG 


POG 
*OO-62h° 


HOES 
[UO] 
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affected by all of the contributors, 7.¢. it is not due entirely to Sir. Table 4 illus- 
trates also the technique used to identify solar lines by prediction. Accurate wave 


number differences between energy levels provide precise wavelengths of missing 
lines, 7.e. lines not yet observed in the laboratory but permitted by the quantum 
rules. The four solar lines marked ‘“‘P”’ have been thus identified. Further con- 
firmation of the solar identifications is indicated by the weakening or cisappearance 
of many of these lines in the spot spectrum. The lower E P in these multiplets 
exceeds 4:9 V, which explains this spot behaviour. 


7. MAGNESIUM IN THE SUN 
The series of Mgt afford an even more impressive exhibition of the identification 
of solar lines by prediction. Here the start is made from series data. It was noted 
by RUSSELL (1934) that according to PASCHEN’S analysis the first series members of 
the ?F° and !F° terms were identical in position. PASCHEN (1931) gives six members 
of the 3d'D — nf!F° series (n t—-9), and two members of the corresponding 
triplet series (” 4, 5) as observed in the laboratory. The leading members of these 
series are readily identifiable in the Sun. Although solar Mgt lines are diffuse, 
the accuracy of the solar wavelengths exceeds that of laboratory spectra of Mg. 
On the assumption that the terms nf'F° and nf?F° are identical, the differences 


Table 5. nf '3F° series of Mgt in the solar spectrum 


Intensity Intensity 
Disk ot Disk 


SN 


73-28 K 


255°79 


SSOL-09 ( LS Dd: 9568 


3-041 YN N 95 
$2 1%) 


569 I IN . O40 


6S 69 


7-700 


AS 


7,193-183 
3,898-23 


7.060-446* 
159-5: 2605-5 1553-93 


+965 


oor" 2, 43 1554-03 


i, 894- 


499-5 his De 1554-12 


841-18 3N 7,655-182t 
613° 3,059°46 
2-363 


6.799-05 
14 P14,703-88 3,150-19 (1553-69) 13-9535 


* Blend of MgI and Atm line in Sun. 
+ Mgt masked by strong Atm O, line at this wavelength 
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3d 3D 3d 1) should be constant for the series. Thus it has been possible to extend 
both series from solar data alone. The earlier work has been revised and extended, 
as is shown in Table 5 (Bascock and Moore, 1945). 

In Table 5 the solar wavelength appears above the corresponding wave number, 
for each line of the two series. Disk and spot intensity behaviour and the charac- 
teristic diffuse appearance of the line, denoted by “‘N”’ confirm the identifications. 
All lines marked “‘P” have been identified in the Sun by prediction, i.e. they have not 
yet been observed in the laboratory. The series have been extended by the run of 
the RypBERG denominators given in the last column combined with the knowledge 
that the constant difference of about 1554-0K must repeat itself. The solar position 
of the line at 14,876-0 A has been taken from the Michigan Photometric Atlas, where 
the line is conspicuous (MOHLER, PIERCE, McMATH, GOLDBERG, 1950). The rest are 
from the Mt. Wilson List (BABCcocK and Moore, 1947). At 7655 A and 7602 A 
strong lines at Atm O, mask the predicted Mg 1 lines. So far as the writer is aware, 
Mg 1 is the only spectrum in which series have been extended from solar data alone. 


8. RECENT IDENTIFICATIONS OF CI AND Call LINES IN THE SOLAR SPECTRUM 
The identification of solar lines as due to familiar atoms is a subject still far from 
exhausted. At a solar conference held recently in Rome, B. EDLEN (1952) reported 
ten lines of Ca tl and twenty of CI as newly identified in the near infrared solar 
spectrum. To quote, “Observations of the hollow cathode spectra of calcium by 
P. RisBerG . . . have revealed 4 new multiplets of Ca 11, viz. 5p—5d, 5p—6s, 4f—5g, 
and 5s—5p. . . . Furthermore, by means of predicted wavelengths, the multiplet 

4f—5d can be recognized in the solar spectrum tables of GOLDBERG ef al. The 
maximum excitation potential for Ca m lines observed in the Sun is thereby raised 
from 7-51 to 9-24 VV". Mention should also be made of C1. Many attempts have 
been made to identify the strong solar line at 10,123-895 A, intensity 8. EDLEN 
proves conclusively that this line is due to the CI singlet combination 3p 'P—3d!P°. 

From recent observations by 8. GLAD, he has derived some improved term values in 
this spectrum and from these predicted the position of this expected singlet com- 
bination. Kress has since found the line as a faint trace at 10,123-90 A on one 


spectrogram of CI. 


9, PREDICTED LINES OF FEI IN THE SUN 
For complex spectra prediction can be invoked quite extensively to aid in solar 
identification work. In Fe 1, for example, the combinations are so numerous among 
the many multiplets, that the energy level values are well determined on the whole. 
The solar measurements surpass in accuracy the laboratory results for many of the 
faintest lines. A number of discordances in wavelength, AA( Lab) disappear if 
the predicted positions are compared with the solar lines. In addition, the wave 
lengths of unobserved members of multiplets can be predicted, as has been illustrated 
in Sit, Table 4. In the Monograph on the Analysis of Fe t (RUSSELL and Moore, 
1944), RUSSELL comments (p. 126) that “It has long been recognized that the arc 
spectrum of iron is more fully exhibited among the FRAUNHOFER lines of the solar 
spectrum than by any laboratory measures so far published’. He made a careful 
statistical study in order to rule out the chance of identification by accidental 
coincidences in wavelength. In this work 1254 Fe 1 lines, graded ‘‘Good”’ or ‘Fair’ 
from an examination of the multiplets, were identified in the Sun by prediction. 
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Kiss (1950) reported that he was engaged in a programme of observing faint Fe 1 


lines in the laboratory over the entire photographic range from ultraviolet to infrared. 
In two regions, 6600 A-8680 A and 3600 A—4300 A, he has confirmed by observation 
28 per cent of the predicted lines listed in the above mentioned monograph. 

The low density of the solar atmosphere favours especially faint Fer lines, 
whereas many of these are masked by the wings of neighbouring strong lines on a long 
exposure spectrogram made with an arc in air as a laboratory source. The work is in 
progress, and many regions have not yet been covered by two spectrograms. A 
sample of solar lines of intensity 0 or greater observed by Kress on two laboratory 
photographs are given in Table 6. The solar wavelength and intensity are in the 


Table 6. Some Fe 1 lines identified 


confirmed by lat 
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3660 3660-402 5 O-O09 
3655-355 3655-354 0-00] 
3653-35: 3653-351 p 0-00] 
3641-455 3641-453 f 0-006 
3637-05 3637-044 0-014 


3636 3636-496 5 O-OL] 
3624-064 , 3624-056 : 0-008 
3620-880 3620-881 5 0-00] 
3618-304 ; 3618-292 0-O12 
3081-840 3081-832 : 0-008 


* Symbols in the “intensity columns describe the lines as follows 
b broad h hazy N diffuse d double gh ghost 


Position predicted from energy levels is 7114°56 A 
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first two columns respectively, and the corresponding laboratory entries are in 
columns three and four. The difference in wavelength AA( Lab) is in the last 
column. The multiplet designations of these Fe 1 lines may be found in Table C, 
RussELL and Moore (1944), p. 170. The solar wavelengths in Table 6 less than 
7114 A differ slightly from those in Table C because a small running correction has 
been applied to reduce them from the 1922 International Astronomical Union Stan- 
dards to the improved values adopted by the Union in 1928 (BaBcock, Moore, 
COFFEEN, 1948). This sample is sufficient to emphasize once again the importance 
of the Fe 1 observing programme as another connecting link between atoms and stars. 


10. SUMMARY OF ELEMENTS IN THE SUN 


In 1951 the writer published a summary of ‘‘Elements in the Sun” (Moore, 1951). 
The familiar ones need no comment, but those grouped in special classes are of unusual 
interest. Boron and fluorine, for example, have been detected in the Sun only in 
compounds: BH, MgF, and SrF. In the spectroscopic search for an element whose 
presence in the Sun is not obvious, care must be exercised to conduct the search 
according to the principles outlined above. For spectra rich in lines, accidental 
coincidence of wavelength between laboratory and Sun may easily result in spurious 
identifications. 

Here the astrophysicist has at his disposal a number of tools furnished by the 
physical knowledge of atoms and their behaviour. First, the rave ultime should be 
present. In the case of boron the ultimate lines of the neutral atom lie at 2497-724A 
and 2496-773 A. Observations of the Fraunhofer spectrum in wavelengths shorter 
than 2950 A must be made above the ozone layer in the Earth’s atmosphere, which 
absorbs the radiation of shorter wavelength. Fortunately, rocket spectra have been 
secured that extend to the violet limit of about 2300 A (HopFIELD and CLEARMAN. 
1948; DuRanb, OBERLY, TouseEy, 1949). It has been a remarkable feat of modern 
engineering to secure a rocket solar spectrogram—a feat that opens another fasci 
nating vista in astronomy. Blending is, however, so serious in the present rocket 
spectrograms (which have a dispersion of about 40 A per mm) that the more refined 
questions, such as the presence of atomic boron must await further progress in this 
direction. A high dispersion ultraviolet solar spectrum has long been one of the 
fondest dreams of the solar physicist. 

our elements, A, Cd, Au, and Th, have been detected in the Sun from the presence 
of only one line each. These identifications would be subject to serious question except 
that in each case the lines are the crucial ones with which the test should be made. 

Argon is in a Class by itself. No lines in the ordinary spectra of argon are present 
in the Sun. The accessible lines of Ar have a low excitation potential of more 
than eleven volts—a fact which is highly unfavourable for their presence. In his 
brilliant work on the identification of the coronal lines, EpLEN (1945) attributes the 
coronal line at 5536 A to a forbidden transition in the spectrum of A x, i.e. argon 
atoms bereft of nine outer electrons—a spectrum like F 1. From a study of the F 1 
isoelectronic sequence EDLEN has derived a reliable estimated value of the interval 
of the ground term of A x, 2p® ?P),—2p® ?P),, as 18,063 K. The wave number of 
the faint coronal line is 18,059K. In the light of the evidence afforded by his other 
coronal identifications, this agreement is satisfactory. This is the only example 
of en element detected in the Sun from coronal lines alone. 


The raie ultime of Cd 1 is at 2288-02 A (MEGGERS, 1941), 7.e. in the region of rocket 
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solar spectrograms. The next most likely candidate is the intersystem line from the 
sround state of the atom 


the designation 5s !S,—5p <3 
3261-065 A having disk intensity 


a strongly reversed laboratory line at 3261-050 A. having 


An otherwise unidentified solar line is observed at 
| and strengthened in the spot spectrum. The 


solar line with these characteristics may safely be attributed to Cd 1 even though no 


other lines of this spectrum are present. In contrast to Cd 1, the raie ultime of TI 1, 


5350-527 A, was suggested by ROWLAND as possibly responsible for the very faint 
solar line at 5350-503 A. 


This identification has been rejected because the line is not 


strengthened in the spot spectrum, as would be expected for the raie ultime of TL1. 


For Aut the raie ultime is also in the rocket region, 7.e. 2427-95 A. 
3122-782 A, 6s? 2D, 


9 A, 


line to be expected in the Sun is at 
lower E P of 1-13 V. 


») 


The solar line at 


0 = 


9199.7 ¢ 


m | 


The accessible 


6p *P, . a line having a 


intensity 3 in the disk and 
2 in the spot, otherwise unidentified, may thus be labelled as due to Aur. In 


spite of the absence of other Aut lines, the spot behaviour and good agreement of 


wavelength of the most likely line provide evidence in favour of this assignment. 


A number of the rare earths appear in the Sun only in the singly ionized state, 


owing to their fairly low ionization potentials. 


earth spectra that are rich in lines. Thorium is in this class. 


present and it is reasonable to search for Th 11 lines. 


on only the raie ultime 


a line at 


4019-137 


A, 


with the designation a 2D, 


This is particularly true of the rare 


No lines of Tht are 
Here again the evidence rests 


y *F,.. 


According to A. 8. KING it is the strongest line in the spectrum. The solar line at 
4019-138 A, intensity 
evidence of thorium in the Sun, but also the only evidence of the presence of a 


identified as Tht, thus furnishes not only the only 


radioactive element. The spectra Rat, U1, and U 1 all have ultimate lines in the 


accessible regions, but the lines are absent from the Sun. 


Special comments on two elements whose presence is indeterminate, arsenic and 


technetium, may be of some interest. The raze ultime of Ast is a line at 1890-42 A, 


The two accessible lines most likely to appear in the Sun are at 3032-85 A and 


3119-60 A: 


they have a low E P of 2-30 V. The latter is masked in the Sun. The 


former agrees in position with a faint solar line of intensity 2 at 3032-855 A 


identified as a strong low level line of Gd tt. For the present, the question of As I in 


the Sun is unansw 


ered ; 


it must await future rocket observations. 


The problem of technetium in the Sun has attracted wide attention because of the 


Table 7. Comparison of strong Te 1 lines with solar lines 
Laboratory Sun 
Intensity 
Low Multiplet Intensity \/ 
J : I entit ti 
PA KP Designatior LA Disk Lab ten , 
Are Spark 
3237-02 200cF L00c+ 1-56 2-3 1S y 3237-037 l 0-02 Col leu 
3212-01 RK 300 1-56 7-2 3212-005 2 0-00 Fe | 
3195-21 50¢ 200€ 1-56 2—1 3195-230 |* 0-02 eu 
3298°85 15 60 3298-868* 3 0-02 Tem? 
3266-92 15 80) 3266-950 | 0-03 Fe 1 
2964-50 2) 60 2964-52 0) 0-02 Zr i 


* H. D- BABCOCK (letter, 


December, 


1950) reports that the line 


it 3195-230 A is stronger than 


lL in intensity, and that 


3298-868 A cannot be seen on superior Mount Wilson photographs of the solar spectrum 
In laboratory intensity column, ¢ denotes that the line is complex (see K. G, KESSLER and W. EF 


80, 905 L, 1950). 
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scarcity of this element in nature. The rave ultime of Tet is masked by a line due 


unouestionably to Cri. No other ultimate lines can be detected. There is a pos- 
sibility that Te 1 may be present as judged by the spectroscopic data, which are 
presented in Table 7 (Moore, 1951b). The laboratory analysis is from MEGGERS 
1951), who has succeeded in finding the ground term and connecting the low °S 
and *S terms by observed intersystem combinations. The complication arises from 
the fact that the longest half life reported for any Tc isotope is less than a million 


vears. The existing samples of Te have been produced artificially and no Te has as 
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yet been detected in the Earth’s crust. Although the solar evidence for Te is not 
conclusive, the evidence of Te in stars presented by P. W. MerRRILL (1952) is con 
vincing. He has generously furnished the writer with Fig. 1, which illustrates 
the strength of the three ultimate lines of Te t in R Andromedae, a red dwarf star of 
spectral class S. He has similar evidence from several stars of this class. 

The foregoing pages portray but a tiny glimpse of the enormous vistas stretching 
before the eyes of the stellar spectroscopist. Just as in the case of the coronal lines, 
he must turn to the terrestrial laboratories to gain some insight into the intricacies 
of any one “‘stellar” laboratory. Only the spectrum of our nearest star has been 
discussed—and yet that star alone taxes the ingenuity of many skilled observers. 
The many spectra, disk, spot, limb, chromosphere, and corona are all produced 
under different solar laboratory conditions of temperature, pressure, ionization, efc. 
The infrared solar spectrum observed with suitable detectors surpasses in accuracy 
the laboratory spectra of many elements. The origin of many solar lines in the 
Michigan Photometric Atlas, for example, has been deduced entirely from predicted 
positions derived from the multiplets. 


ll. SeEcoND REVISION OF ROWLAND’S TABLE OF SOLAR WAVELENGTHS 

One of the main purposes of the large programme on ““Atomic Energy Levels” 
now in progress is to provide the astrophysicist with just such tools for his study of 
the stars. No more auspicious time for a second revision of RowLAND’s Table of 
Solar Wavelengths could be selected. Revised identifications of solar lines, made 
possible by the wealth of accumulated multiplet data, are continually being made. 
The stimulus extends even further. Measured equivalent widths from the Atlas by 
MiInNAERT, Mutpers, and Houraast (1940) are being determined by its authors to 
replace the estimated Rowland intensities. Similar programmes of measuring 
laboratory intensities are in progress. Astrophysical needs are constantly in the 
minds of the laboratory spectroscopist. So, the atomic and solar programmes 
advance parallel to each other and to the mutual advantage of each. In future, 
improvements in research technique will doubtless extend the vistas. May we 
anticipate a solar spectrum extending from the X-ray region to the farthest limits 
explored in radio astronomy ? 

Whatever the vista in astronomy, the little word “atom” is one of the strongest 
links between the terrestrial and the stellar laboratories. With this lead alone the 


astronomer may eagerly anticipate glorious vistas ahead. 


“Here night by night, the innumerable heavens 
Speak to an eye more sensitive than man’s, 
Write on the camera's delicate retina 


A thousand messages, lines of dark and bright 


That speak of elements unknown on earth”. 
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Methods in Stellar Spectroscopy 


THEODORE DUNHAM, Jr. 
The University of Rochester, New York 
SUMMARY 


The first coudé spectrographs built at Mount Wilson by W.S. AbAms were Littrow systems employing 
a large prism. Gratings were used to an increasing extent, beginning in r 


The development ot 
Schmidt cameras in 1934, and of a 114-in. focus spherical-mirror camera in 1939, increased efficiency 
in the ultraviolet and made it possible to cover any region in the spectrum without changing focus o1 
tilt. Photometric accessories have been developed to permit measuring profiles and integrated intensities 
of absorption lines. An exposure meter and automatic guiding have been developed by H. W. Bascock. 

The distribution or intensity within stellar images has been measured photo-electrically under various 
conditions of seeing, as a guide to spectrograph design. The efficiency of a spectrograph can be increased 
by using large apertures for the collimator, grating and camera, by increasing angular dispersion and 
by using an image slicer. The relative speed has been calculated for various telescope-spectrograph 
systems and for different grades of seeing. In order to increase efficiency as far as possible it will be 
desirable to use multiple gratings of maximum aperture, perhaps with the combined width of ruling 
considerably greater than the length of grooves, and illuminated with an elliptical collimated beam from 
crossed cylindrical mirrors. 

Direct photo electric scanning of stellar spectra can vield a useful level of accuracy with a 100-in 
telescope, in a reasonable time of observation, for a resolving power of 50,000, to a magnitude 8; 
and for a resolving power of 500, to a magnitude ll. A Fabry-Perot interferometer may be used to 
advantage with a photo electric detector for measuring the profiles of selected absorption lines, which 
can serve as standards for photographic photometr \ 
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Methods nm stellar spec trosc Ops 


1. BACKGROUND 


THERE have been four clearly defined stages in the development of stellar spectro 


scopy, and each has been characterized by a striking increase in the detail observed 


in the spectrum of bright stars and in the limiting magnitude for which spectra 
could be recorded with enough resolution to reveal at least their principal features. 

The first stage began when FRAUNHOFER (1817) made his pioneering observation 
of absorption lines in the spectra of bright stars. With his visual instruments and 
those of SeccHI and HUGGINs it was possible to realize an effective spectral resolving 
power of a little more than 1000, and this was enough to show that the stars are 
composed of the same chemical elements as the Earth and the Sun. 

The second stage began in 1863 when HuGGins and MILLER (1864) made their 
first attempt to photograph the spectrum of a star. DRAPER (1879) and others 
developed the objective prism spectrograph and used it for extensive surveys of 
stars much fainter than could be observed visually. The effective resolving power 
was at least 5000 under favourable conditions of guiding and seeing. 

The third stage began with the development of the slit spectrograph as a precision 
instrument for use at the direct or Cassegrain focus of a telescope about 1900 by 
VoGEL, KEELER, CAMPBELL, SLIPHER, NEWALL and others. Improvements have 
been made by various workers since that time, but the basic design has remained 
the same—a collimating lens (occasionally a concave mirror), one or more glass or 
quartz prisms (plane gratings have also been employed in several instruments), and 
cameras ranging between 50 and 1000 mm in focal length. The early cameras all 
used lenses, but since 1935 Schmidt cameras have been employed with great success 
fo! extremely faint objects. Special precautions were taken to avoid the effects of 
flexure and of changes in temperature. The effective resolving power of some of 
these instruments is at least 30,000, and radial velocities can be measured with 
great accuracy. They have provided extensive information about the motions of 
individual stars, the characteristics of binary systems, absolute magnitudes of stars, 
the atmospheres of planets, the composition of interstellar matter and the velocity 
distance relation for extragalactic nebulae. The efficiency of the instruments is often 
high for faint objects, where low dispersion must be used and where as a result a 
wide slit can be employed. But the efficiency is usually much less for high dispersion 
spectra because a narrow slit must be used, and this ordinarily passes only a very 
small fraction of the light in the stellar image. The slit could be wider if the leneth 
of the collimator could be increased, but this cannot ordinarily exceed 1 m due to 
space considerations and flexure. 

The fourth stage in stellar spectroscopy began when ADAMs (1911) installed a 
powerful spectrograph at the coudé focus of the 60-in. telescope. Since a spectro- 
graph of this type remains in a fixed position during an exposure, and since it can 
easily be thermostated, its aperture is limited only by the size of available prisms 
and gratings and by the feasibility of providing a steel frame that will accommodate 
a collimator long enough to supply a beam that will match the dimensions of large 
optical elements. On bright stars the longest camera in the 100-in. coudé spectro- 
graph has achieved an effective resolving power of about 100,000. 

Undue emphasis has perhaps been placed on the high linear dispersion that can 
be achieved with a coudé spectrograph when long-focus cameras are employed. 
The possibility of using very large prism or grating apertures is the basic advantage 
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of the coudé instrument, because this greatly increases the efficiency of the spectro 
graph for both high and low dispersion. As a consequence the duration of exposures 
is reduced, and fainter stars come within the range of the instrument. The shortest 
camera in the 200-in. coudé spectrograph has recorded spectra of 15th magnitude 
stars with a resolving power of about 4000 (BowkENn, 1952). The advantage of the 
coudé spectrograph cannot be questioned for high, medium and moderately low 
dispersion on bright, medium and moderately faint stars with any telescope. Only 
when extremely faint objects are photographed, necessarily at very low dispersion, 
with a telescope of small or moderate size, can a Cassegrain or direct-focus spectro 
graph with small-aperture optical elements equal the efficiency of a coudé 
spectrograph. 

The large coudé instruments have made possible accurate quantitative work in 
several fields, including the measurement of radial velocities for individual elements. 
integrated intensities of absorption lines, chemical abundances and ionization ratios. 
New interstellar elements and molecules have been detected and individual clouds 
of interstellar material have been recognized. Several gaseous components of 
planetary at mospheres have been identified, and magnetic fields have been discovered 
in many stars. 

In the following sections of this chapter recent developments in methods employed 
for stellar spectroscopy will be summarized, the effect of atmospheric seeing will be 
discussed, the factors in design which influence the performance of a spectrograph 
will be considered, and finally some promising features that might with advantage 


be incorporated into the design of spectrographs in the future will be mentioned. 


2. THE DEVELOPMENT OF COUDE SPECTROGRAPHS 

2.1. Prism spectrographs 

The coudé spectrograph which ADAMs built in 1911 at the 60-in. telescope at Mount 
Wilson was a Littrow instrument, and employed a 6-in. lens of 18 ft focal length, 
a large prism of Schott (0-102) glass and a plane mirror to return the beam through 
the system. Spectra of bright stars were obtained with very high dispersion (1-4 A 
per mm at 4300 A). The detail in these spectra was impressive and soon stimulated 
further developments. 

Due to the vision of HALE and ADAMs for future needs in astronomy, the 100-in. 
telescope building was designed with a free space extending along the polar axis 
50 ft below the coudé focus, inside a concrete enclosure to the walls of which equip- 
ment could be rigidly attached, and which could easily be held at constant tem- 
perature. This freedom to assemble a wide variety of large optical syste 1s without 
the need for any structural changes in the building made it possibie to compare 
directly the performance of various experimental spectrographs and to arrive at a 
design that combines simplicity with flexibility and efficiency. The basic optical 
principles of the instrument in its present form have been described in several brief 
notes (DUNHAM, 1933a, 1934, 1935, 1938, 1940, 1949), and ApaAms (1941) has sum- 
marized the programme of development in connection with his review of results 
obtained with the instrument up to 1940. 

Following the completion of the 100-in. telescope, a 180-in. focal length Littrow 


prism spectrograph was installed at the coudé focus of the instrument by ADAMS 


in 1925. The lens, prism and mirror were bolted to the concrete wall on the east 
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side of the room, and the slit was attached to a heavy casting carried on the north 
wall. Little difficulty was experienced from relative motion between these parts. 
The optical elements were enclosed and thermostatically controlled. Spectra were 
obtained on a scale of approximately 2-9 A per mm at 4300 A. At this wavelength 
the effective resolving power was about 70.000. The spectrum from about 3900 A 


to 6600 A could be photographed on two glass plates, each 2 10 in., supported on 


curved ledges in a plateholder 24 in. long. A four-element lens designed by Ross 
gave excellent definition over this extent of spectrum. The glass prism (0-102 
Schott glass) which was made about 1906, contained rather marked inhomogeneities 


transm) on of Schott giass 


100 mm of LF-6 endl k Y Schott 
which Mr. DaLron compensated by local figuring. Residual strain was also present 
and caused the figure to change to such an extent that it was necessary to refigure 
the prism twice within a period of five years. A Ross lens with 1O8-in. focal length 
was installed in 1930, with provision for using it with the same prism to give a 
dispersion of about 5-0 A per mm, thereby reaching stars about one magnitude 
fainter than the limit of the 1S80-in. system. 

In order to carry the work into the ultraviolet, a doublet lens with a focal length 
of 108 in. was made from two different Schott ultraviolet-transmitting glasses. This 
was used in a Littrow arrangement with a 60° ultraviolet glass prism. An even more 
efficient system was constructed by using a 108-in. focus off-axis aluminized para 
bolic mirror to serve both as collimator and as camera, with a 30° crystal quartz 
prism aluminized on its rear surface. When employed in this way there is no 
doubling of spectral lines due to the birefringence of quartz. The dispersion was 
8 A per mm at 3200 A. Good definition was obtained from 3000 A to about 3600 A 
at a single setting. A wider field could not be covered satisfactorily, partly because 


the mirror was only 4 in. in diameter and partly because coma became significant 
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about 40 mm from the axis. The spectra of early type stars to the fourth magnitude 
were exposed to 3020 A without undue difficulty. A survey of the spectra of several 
stars in the region 3050 to 3900 A was made with this instrument (ADAMS and 
DUNHAM, 1938). 

It would obviously be desirable to increase the speed of the 180-in. Littrow 
spectrograph so that fainter stars could be photographed with high effective resolving 
power. Only a small fraction of the light in a stellar image passes through the slit 
under average conditions, since the focal lengths of collimator and camera are the 


same, and the slit width must therefore be held at about 0-02 mm. If the dispersion 


Fig. 2. The factors of merit for glass prisms and gratings in stellar spectrographs 


‘ dp (radians 
Factor of merit - transmissivity diameter 
d/ (Angstrom units 


of the prism system could be increased, a shorter camera would yield the same 
linear dispersion, and the slit could be widened in the same ratio without loss of 
spectral purity. Between 1933 and 1935 a careful study was made of the possibility 
that a double-deck prism system, with two and one half light flint prisms in each 
deck (five prisms in all), might be obtained, so that cameras much shorter than the 
collimator could be used on faint stars. The writer discussed the problem with 
engineers at the firm of Schott & Gen., in Jena. They very kindly supplied samples 
measuring | x |  9in. of their F-2 and LF-6 glass to permit accurate measure 
ments of spectral transmission. The ends were polished and the transmission was 
measured with a Hilger double monochromator and photocell. The results are shown 
in Fig. 1. The extremely low values for absorption in the region 5000-5500 A are 
impressive. 

The factor of merit of any dispersing element for stellar spectroscopy depends on 
the product of its angular dispersion, its transmissivity and the diameter of the 
beam that it transmits. The actual resolving power of the dispersing element is 
involved only if the aperture of the camera is less than about //30, so that the 


effective resolving power, as recorded photographically, is limited by the true 


resolving power. In Fig. 2 the factor of merit is plotted against wavelength for 
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|) five prisms of Schott LF-6 glass, with 60° angle and 150 mm aperture, assuming 


50 per cent loss at reflections, (2) five prisms of crystal quartz with the same dimen- 
sions and the same reflection loss, (3) a Wood grating with 590 grooves per mm and 
11] mm aperture, used in the first order, (4) the same Wood grating used in the 
second order, and (5) a hypothetical grating with the same groove spacing, used in 
the second order, but with 150 mm aperture and with 50 per cent efficiency. These 
curves show that the performance of a five-prism train would exceed that of an 
efficient second order grating by a small amount, but only within the interval 3900 
to 4700 A. At shorter wavelengths increased absorption would cut down its pel 

formance: while at longer wavelengths reduced dispersion would have the same 
emect It was these considerations that focused interest on employing oratings of 


high performance in the coudé spectrograph. 


Be 2 (,ratingdg Sper frograpns 


‘he first attempt at using a grating was made in 1930 by mounting a 30-ft radius 
concave grating 8 in. in diameter with the 15-ft lens as collimator, but the definition 
is grating was not satisfactory. Much better results were obtained in 1931 with 


plane grating (600 grooves per mm) ruled by ANDERSON on a 6-in. speculum 


metal blank and later aluminized to increase its reflectivity at short wavelengths. 
This grating was used in the first order with the 108-in. focus Ross lens to photo 
rraph the spectra of Venus in which the bands of carbon dioxide were discovered 
\pAMs and DuNnHAM, 1932). It was also used in the search for oxygen bands in the 
spectrum of Mars (ApAMs and DuNHAM, 1934). The dispersion was 5-6 A per mm, 
ind the effective resolving power was about 50,000 in the 7000 A region. This 
system was used extensively in the red and infrared for studies of the spectra of 
other planets and of stars. 
In 1936 the writer discussed with R. W. Woop the possibility of obtaining one 
f his plane gratings ruled in aluminum on glass, with high blaze efficiency. He 
most kindly made available for testing a grating which he had just produced, with 
590 grooves per mm and a ruled area 111] 140 mm. Tests indicated that it returned 
ibout 48 per cent of incident radiation in the second order green, at the most favour 
ible angle of incidence (34° between incident and diffracted beams), but when used 
in a Littrow arrangement the return was 23 per cent in the second order green. This 
gave most satisfactory results under operating conditions, being used in the 
second order ultraviolet and blue with the two-component ultraviolet lens, and in 
the first order green, red and infrared with the four-component Ross lens. One half 


of the leneth of all of the rulings caused noticeable scattering of white light. which 
was objectionable in the region below 3600 A, but this effect was avoided by suitable 
diaphragming when working at the shortest wavelengths. The blaze in the second 
order is at about 3500 A, with a falling off in brightness toward the blue, so that 
exposures can be made with densities that are within usable limits over a relatively 


Vv ide range of spectrum. 


ARS 4 Schmidt ¢ QAmerTas 

The use by ScHMipDT (1932) of an aspherical refracting plate at the centre of curva 
ture of a spherical mirror to correct its spherical aberration, and to enable it to yield 
good definition over a wide field, has revolutionized methods in direct photography 


The applicability of the same optical principle to the design of spectrograph cameras 
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was apparent, and a test of its usefulness was made in 1934. The writer figured a 
correcting plate for a 30-in. focal length reflecting camera, designed as an off-axis 
system, with the plate holder located outside the incident beam (DuNHAM, 1934). 
The correcting plate was made 12 in. in diameter for use with a mirror 13 in. in 
diameter, with a radius of curvature of 60 in. After figuring the plate, a rounded 
portion measuring 4 « 6 in. was cut out from one side of the original plate, and the 
entire system was mounted on a rigid wooden frame so that the centre of the original 
plate was accurately located at the centre of curvature of the spherical mirror. The 


arrangement of the optical system is shown in Fig. 3. The plate holder was provided 


qx 
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‘ig. 3. 30-in. Schmidt camera 


with convex ledges having a 30-in. radius of curvature. Mr. D. O. HENDRIX gave 
most valuable advice and assistance during this undertaking, not the least of his 
contributions being the cutting of the figured plate with a glass cutter. This camera 
was mounted with its axis horizontal, to receive the spectral beam from the alumi- 
nized speculum plane grating, employing a 108-in. focus off-axis mirror as collimator. 
The definition given by this Schmidt camera was excellent throughout the ultra- 
violet, visible and infrared. An advantage of the design is that any region of the 
spectrum can be brought to the centre of the plate holder by merely rotating the 
plane grating in its mounting, and there is no need to change either focal setting 
or tilt. 

On the basis of the results obtained with this camera, two off-axis Schmidt 
cameras of similar design, with focal lengths of 32 and 73 in., were constructed in 
permanent mountings, with provision for accurate adjustment of the optical parts, 
relative to one another. The correcting plates were made from Vita glass selected 


to be as free as possible from local inhomogeneities. The glass was about 4 mm 


thick and transmitted well to about 3050 A. The correcting plates were made 
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6 9 in. in size and were cut from the sides of 17-in. plates. This size permitted 
using a 180-in. off-axis collimating mirror 6 in. in diameter, with considerable increase 
in speed, due to the slit being 60 per cent wider than with the 108-in. collimator, and 
without any loss of spectral purity. The 9-in. dimension was required to avoid 
vignetting at the ends of the spectrum. Two concave spherical mirrors, each 
measuring 7 22 in. were made, one with a radius of curvature of 64 in., and the 
other with a radius of 146 in. for the two cameras. Actually the two mirrors were 


— 


Fig. 4. 32-in. Schmidt camera—mirror and plate holder; 100-in. coudé spectrograph 
Vote. The mirror and plate holder are shown on the steel frame which slides, either into 
perating position or to one side, so as to allow the beam from the grating to pass to the 
73-in. camera. (This photograph was taken after the original kinematic plate-holder 


mounting had been altered 


made by figuring opposite sides of a single 22-in. Corning low-expansion glass disc, 
and then making three straight saw cuts through the disc, 7 in. apart, the central 


J in. deep, before 


cut passing through its centre. These cuts were started, about 
figuring and no change in figure was noted when the cuts were completed after 
figuring. The plate holders were bronze castings with ledges machined to a radius 
the same as the focal length. Glass plates 1-0 mm thick were bent to the required 
radius for the 32-in. camera, with only occasional breakage. The plate holders were 
held on the spectrograph frame in kinematic supports, so that they could be removed 
and replaced quickly and with considerable accuracy. Focal settings could be re- 
produced to about 0-05 mm, and this was essential for the 32-in. camera. The 
concave mirror and plate holder of the 73-in. camera were permanently attached to 
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a horizontal steel frame, but the mirror and plate holder of the 32-in. camera were 
mounted on a heavy steel frame, and this was supported on V-blocks sliding on two 
horizontal ground steel tubes, so that the camera could readily be moved in or out 
of the beam from the grating (Fig. 4 and Kio. 5). The two correcting plates were 
mounted in cast-iron frames, and these could be interchanged accurately by means 
of defining pins on a steel plate (Fig. 6). A wire cross was located at the point where 
the centre of the whole correcting plate had been before it was cut. This point 


eee ag 


Fig. 5. 73-in. Schmidt camera mirror and plate-holder: 100-in. coudé spectrograph 
V ote The mirror for the 32-in. Schmidt camera is in the foreground, at the right. One of 
the V-bloecks on which this camera rest , and tl oO} ind tube on which it slides, are also 
! nad 


should of course lie at the centre of curvature of the concave mirror with which the 
plate is used. The adjustment of the mirror could be verified at any time by merely 
noting whether the image of the wire cross was superposed on the cross itself. The 
definition of the cameras depended on maintaining this adjustment very exactly, 
but changes rarely occurred. These two cameras provided linear dispersions of 10-5 
and 4:5 A per mm, respectively, in the second order blue, and the definition was 
critical. Effective resolving powers of about 20,000 and 45,000 were realized at 
$000 A. 


) 


Z.4. Sphe rical- Mirror Camera 


Finally, in 1939, a reflecting camera with a focal length of 114 in. was designed 


and constructed (DUNHAM, 1940), This camera employs a spherical mirror 36 in. in 


Fund for \strophysical Research, Ine. The 
mirror has a radius of curvature of 228 in., and its centre of curvature is located 
ust to one side of the plane grating, with the result that the spectrum reaches a 
ocus along a line just outside of the incoming pal illel spectral beams. The optical 


svstem is shown in Fig. 7. There is no need for 


Schmidt correcting plate because 
iperture ratio is only //19. The aberrations of this svstem are of course greater 


Than fT 


for an on-axis system with the same focal ratio, but they are still so small that 


ho Imiperrections in the linage can he detected photographically, and a knife e loe 


i 


( R 
cut off test of the entire optical system shows almost no optical errors. Fully illumi 
nated spectra 15 in long can be photog! iphed when the 6-in iperture collimator is 
used. The plate holder is 20 in. long and accommodates two glass plates 2 10 in. 
in size. Provision is made for accurate focusing and for traversing the plate holder 


laterally so that several spectra can be photog? iphed side by side. With this 
sphericai-mirror camera there is no glass or quartz between the star and the photo 
graphic emulsion. The six aluminum reflections can deliver to the focal plane 
almost half of the light that passes through the slit. The linear dispersion is about 
2-9 A in the second-order blue of the Wood grating. and the effective resolving 
power Is about SO.000 at 4000 A spect! . of stars of the sixth photographic magni 
tude can be photographed with a width of 1-0 mm on 103a—O emulsion in about six 


hours under favourable seeing conditions. A third-orde 


Wood orating O90 groves 
per mm) was used to some extent with this camera, and vielded an effective resolving 


oreater than LOO.000 


power somew hat 


I 


that 
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the various combinations of collimator, dispersing element and camera 


/ 


trographs 


have been used are listed. For each system, the linea dispersion is given, 


together with an approximate \ ilue for the relative speed at the indicated wave 


length, on the assumption that all spectra are widened to 1-0 mm. These estimates 
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are based In part on experience hit since Variations are nN irked between individual 


exposures 


] 


theoretical ¢ 


thev have bee} brought nto line With one ymotner on the basis ot 


xpectations. Approximate exposure times for a star of photographic 


-O, using 1LO3a—O or 103—F emulsions. can be found by dividing LOSO min. 


‘ated value ot relative speed 


No mention has been made of a number of additional systems that were assembled 


fora variety of reasons. For example short focus cameras (40-, 18-, and 7-in. lens 
cameras and a 5-in. Schmidt camera from the Cassegrain series) were used with the 
Wood grating, the 108-in. Ross lens ser ing as collimator. In order to evaluate the 
usefulness of the coudé spectrog! uph fo. photog! iphing faint obj cts. some attempts 


I I 


not entirely successtul due to difficulties in oniding were made to photog! iph the 
spectrum of Pluto With a 3 in. lens camera 

It. will doubtless seem surprising that so many combinations of collimators, prisn 
and cameras were actually set up and used on stars and planets. The explanation 


lies in the fact that the period of nearly ten years covered by this experiment 


programme included the development ot highiv etmicient gratings and the develo 
ment of the Schmidt camera Direet Comparisons under operating onditio 
between radically different component parts of the spectrog! ph seemed necess 
in order to est tblish beyond doubt whiel vera system would be most eftective 
vield maximum detail on the spectra of bright stars, and as much detail as the 
wailable would permit on faint stars. Tl st three cameras listed in Table | | 
been used exclusively since 1939. One or two short-focus Schmidt cameras w 
complete a flexible instrument capable of ering a wide range in stella a} 

with reasonable high efficiency 

2 6. Design of Coudé Spectrographs at 100 / 

The mechanical design of the LOO-in. coud ay ograph was completely revised 
1935 to facilitate the use of reflecting colli ws. diffraction gratings and Schmidt 
cameras. A rigid steel frame IS ft long was freely supported on two balls and 
ihig@ning ball bearing so that any distortio! f the brackets attache | t the cone 
wall would not be transmitted to the spect: WTrapl the slit and its accessories we 
carried on a heavy casting at the upper end of the steel Trame Che LOS-i enecting 
collimator was mounted on a steel plate, together with the LOS-in. Ross lens o 
prism and plane mirror, with provision fo1 ding the pla so as to interchange 
reflecting collimator with the Littrow prism system. Similarly, the [S0-in, reflectit 
collimator could be interchanged with the riginal SO-in. Littrow prisi 

The erating mount was designed to permit interchanging, without readjustmet 
individual gratings up to Sin, in diamete! he 32-in. and 73-in. Schmidt came 
were mounted with their axes horizontal and, as previously noted, the mirror 
plate holder of the shorter camera were attached to a separate steel frame whic! 
could slide to one side. so as to permit use of the 73-in. camera It was of cours 
Necessary to locate the correcting plates for these cameras tar enough trom the 


erating to avoid interfering with the incoming beam from the collimator. When the 
l14-in. spherical-mirror camera was added in 1939, its 36-in. mirror was mounted 
at a distance of 19 ft from the grating, on an extension frame at the lowe) end of 
the main steel frame. Since there is no Schmidt correcting plate in this system he 
centre of curvature of the spherical mirror can lie in the plane of the rulings of the 
grating, and the incident and diffracted beams can overlap one anothet The plate 
holder for the 114-in. camera is provided with cross motion to permit making 
multiple exposures. The Littrow prism systems were remove | when this camera was 
installed. The entire spectrograph was enclosed in a wooden housing inside the 


concrete room in the telescope building, and temperature was coutrolled to about 


0-1°C by means of a thermostat. electrical resistance wires distributed about the 
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walls, and two fans. A considerable fraction of the current required to maintain the 
desired temperature was supplied continuously to the wires, so as to avoid applying 
suddenly more current than necessary. The general arrangement of the coudé 
spectrograph, as it was in 1939, is shown in Fig. 8. 

The angle between the incident beam and the diffracted beam (for the central 
wavelength at the plate holder) is approximately 8° for the 114-in. camera and 
38° for the 32-in. and 73-in. Schmidt cameras, respectively, when the 180-in. colli 
mator is used (these angles become approximately 12° and 42° when the 108-in. 
collimator is used). For these different angular separations between the incident and 
diffracted beams, the ideal value of the blaze angle of the grating rulings differs 
appreciably, and so one cannot expect to achieve the same efficiency at the same 
wavelength with both optical systems. However, the effect is merely to alter the 
wavelength of the blaze maximum for the 114-in. spherical-mirror camera, as com 


pared with that for the Schmidt cameras. 


Ee Performance oO} LOO in. Coudé Spectrograph 


Examples of spectra photographed with the coudé spectrograph are shown in Fig. 9 
and Fig. 10. It is of interest to note the complete separation of the iron lines in the 
comparison spectrum at 3918 A in Fig. 10, which is a 15» enlargement of an 
exposure with the 114-in. camera. Since the actual separation of these lines is 
0-100 A, it seems likely that effective resolving power on this photograph is at 
least 80,000. The spectrum of Sirius (Fig. 9) was photographed with high-contrast 
emulsion and shows clearly the relatively flat-bottom profiles of these wide lines 
which can be measured with considerable accuracy. Narrow interstellar lines with an 
integrated intensity of about 0-015 A, such as the Ca 1 (4226 A) line in the spectrum 
of 7” Orionis, can be detected with certainty, and their intensities at least estimated. 
with the 32-in. Schmidt camera when contrast emulsions are employed (DUNHAM, 
1939). The interstellar lines of Fe 1 at 3720 A and 3860 A in the spectrum of 7? 
Orionis (DUNHAM and ApbDAms, 1941) are close to the limit of detection with the 
114-in. camera and have integrated intensities of about 0-005 A. This camera has 
been used for numerous investigations during recent years, including studies of stars, 
planets, and interstellar material by ADAMS (1941, 1949) and the discovery of magnetic 


fields in stars by BaBcock (1947). 


28 Coudé Spectrographs at Me Donald and Palomar Observatories 


At the McDonald Observatory a spectrograph designed by HILTNER (1954) has been 
installed which uses three Schmidt cameras basically similar to those at Mount Wilson, 
but an ingenious method is employed for interchanging the cameras with the 
minimum of delay and without disturbing focal adjustments. They are mounted on 
a heavy horizontal shaft which rotates so as to bring each camera in turn into 
position to receive the spectral beam from the grating. 

The coudé spectrograph attached to the 200-in. Hale telescope employs Schmidt 
cameras with focal lengths of 18, 36, and 72 in., and a spherical-mirror camera with 
144 in. focal length (Bowen, 1952). An aperture of 12 in. has been achieved for the 


collimator beam by using a composite grating. Schmidt correcting plates of approxi 


mately half the usual power are used close to the surface of the grating, thereby 


avoiding the reduction in field that would result if a correcting plate of the usual 
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tvpe were placed far enough from the erating to lie entirely outside the incident 


beam. One of the most Important new developments in this spectrograph is the 
design of an 8-4-in. camera with 12 in. aperture. which Bowkrn has achieved by 


inserting an aplanatic sphere of fused quartz in the converging beam of the 18-in 
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Schmidt camera just ahead of the photographic plate. By making the second surface 


ot this sphere concave, It was possible to reduce spherical aberration throughout an 
extensive range of spectrum, and at the same time to flatten the field. This camera 


has a focal ratio of 0-7. and can be used with a slit that transmits almost the entire 


flux in the stellar image of the 200-in. telescope under conditions of good seeing 


Cameras of this tvpe. due to their high transmission for light. will be extremely 
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effective when used with smaller telescopes under average, or less-than-average, 
conditions of seeing. W hen it is desirable to employ as much dispersion as possible on 


faint objects with a slit wide enough to transmit most of the light in the image. 


3. ACCESSORY EQUIPMENT FOR PRECISION SPECTROSCOPY AND SPECTROPHOTOMETRY 
The basic optical elements of a spectrograph the collimator. dispersing element, and 
camera—serve to record the spectrum of a star with efficiency if the design is wisely 
chosen to meet specified conditions. But this is not in itself enough to insure reliable 
results. either for measuring the wavelengths of lines or for making photometric 
studies of their profiles and integrated absorptions. Additional units of equipment 
are required to provide references for measurements and to control or modify the 
exposure on the spectrum of a star. These include wavelength comparison spectra, 
photometric calibration, means for widening the spectrum of a star, automatic 
guiding equipment. an exposure meter, plate testing equipment and a satisfactory 
microphotometer. The need for each of these and the extent to which the require 
ments have been met up to the present time will be considered, with special reference 


to coudé spectre graphs. 
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{ omparison spectra for W ivelength measurements are taken tor oranted as essential 
on every stellar spectrum. This is undoubtedly the case if the wavelengths of lines 
are to be measured, and vet there might be willingness on the part of some observers 
who are primarily interested in spectrophotometry to omit the comparison spectrum 
ita marked advantage would result {Ol example if a wide range ot spectrum could 
be recorded on a rectangulat plate with an echelle orating The spectrum of the iron 
are is still the favourite for comparison purposes, because of its richness and the 
relatively uniform distribution of its lines. Second and third order lines can be used 
at long wavelengths. When high resolving power is employed it is essential to use 
only the radiation from the central part of the arc. For this reason the iron are at 
the 100-in. coudé is focused by means of an aluminized concave mirror on to a slit 
about 3mm wide in a sheet of brass. and the light that passes through this slit is 
refocused by means of a quartz lens on to the slit. being turned in the direction of 
the collimator by two small quartz prisms, at each side of the centre of the slit where 
the image of the star is located. Neon and argon lamps have been used. particularly 
in the long wavelensth region. Filters can be introduced with an of these sources. 
It is. of course, desirable to break up the total exposure on the comparison are into 
two or more short exposures distributed with respect to the stellar exposure, SO as 
to minimize systematic effects due to any shift that may result from temperature or 
mechanical changes. 


3 2? Photometric ( alibration Oo] Stellaj Spectra 


Many systems have been employed by different workers for calibrating stellar 
spectra. Any of these can probably be made reliable, but there may be differences in 
the ease with which accidental and systematic errors can be reduced to the minimum. 
A decision must be made as to whether the calibrating exposures will be made on 
the same plate as the spectrum of the star, and with the same wavelength scale. A 
separate spectrograph is often used for making the calibrating exposures, either on 
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the stellar plate itself, on a piece cut from the same larger piece, or on a different 
plate from the same box. It may well be that accidental and systematic errors are 
about the same for all three methods, but until an extensive investigation can be 
made to establish the facts beyond question it seems desirable to employ at least 
pieces from the same plate for star and calibration spectra, and preferably to photo 
graph calibration spectra on the same piece of glass, alongside the spectrum of the 
star. Uncertainties also exist as to the magnitude of errors that may be introduced 


Fig. 11. Slit with calibration steps and quartz field lens; 100-in. coudé spectrograpl 


if a different spectrograph is used for photographing the calibration spectra. Such 
errors, if they exist, must be small, but if the same spectrograph can be used for 
both exposures then the effect of light scattered from the grating, from mirrors, and 
from diaphragms will tend to be similar. For all of these reasons, and because it was 
the first instrument of its kind, provision was made at the 100-in. coudé for photo 
graphing the calibrating spectra simultaneously with the exposure on the spectrum 
of the star. 

A series of eight step slits was provided at each end of the slit of the spectrograph, 
and these were illuminated by light from a tungsten lamp source so as to produce 
eight continuous spectra on each side of the stellar spectrum, just outside the iron 
comparison spectra. The unit that was employed for most exposures on stars covered 
an intensity range of 40:1, in sixteen steps, each corresponding to 0-1 in the 
logarithm of the slit width (the narrowest slit was 0-15 mm and the widest 6-00 mm). 
Successive steps were on alternate sides of the star spectrum. In an earlier model, 
which is shown in Fig. 11, adjacent steps are separated by a narrow bar, so that the 


242 


individual spectra were actually separated from one another. However, it was felt 


that the possible slight advantage which this provided, as a result of using spectra 


similar in width to that of the stellar spectrum, was offset by the necessary increase 
in width for the whole pattern. A uniform wedge slit, and a logarithmic slit made 


from stainless steel. were made and used to some extent. in order to provide spectra 


that could be measured eventually on an automatic balancing microphotometer 


V 


A pall of a curatel\ rectangulal Openings Was also proy ided. and these were mounted 
in slides so that they could easily he interchanged with the steps. and used about once 
each month to verify the uniformity of illumination of the step slit pattern. 

A plate ot cround quartz about 50 mm in diameter. was used as the immediate 
source of illumination. and this was focused on to the rulings of the grating by means 
of a quartz field lens immediately above the step slits. This ground quartz plate was 


diaphragmed, and was located so that a well-defined circular area of illumination 


fell on the orating. thereby Insuring that steps ot equal width al the slit would 
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produce equal intensities at the focal plane of the spectrograph. Light was brought 
from the ground quartz plate to the slit head by means of a flat aluminized mirror. 
A large quartz prism located about an inch above the slit, with a wide slot cut in it 
to transmit the cone of starlight, served to direct the calibrating light in the direction 
of the collimator (Fig. 12). 

One of the problems that is encountered in operating any such system for cali 
brating star spectra is that the colour temperature of the lamp is much lower than 
that of most stars, and so there is a great difference in spectral distribution between 
the two sources. This is not serious in the visible region, but is marked in the infra 
red, and even more so in the ultraviolet. Efforts were made to correct this effect to 
some extent by covering the area of the ground quartz with annular glass colour 
filters and one central circular filter, the filters being so chosen. as to transmission and 
area, that the integrated flux on the grating would more nearly match the spectra! 
distribution of a star of intermediate tvpe. This was moderately successful, but the 
problem is one that requires a really good solution if calibration spectra are to be 
used on a balancing microphotometer, and if an excessive range of intensity is not to 
be provided in the calibration. Accordingly, a spectral control unit consisting of a 
double monochromator, with subtractive dispersion, was constructed in 1941 to 
control the flux in each region of the spectrum. The optical system is shown in 
Fig. 13. 

A tungsten ribbon filament lamp in a quartz envelope was used as the source 
The diverging beam from this filament is collimated by an area about 4 in. in dia 
meter in the first quadrant of a 13-in. diameter spherical mirror of 60 in. focal length. 
The parallel beam falls on a 30° quartz prism, aluminized on its rear face. This 
prism is located directly in front of the centre of the face of the mirror, halfway to 
its centre of curvature. The parallel beam, spectrally dispersed in the horizontal 
direction, falls on an area within the third quadrant of the 13-in. mirror which 
focuses a spectrum below and to one side of the prism. in front of the third quadrant 
of the mirror. Just before reaching a focus the beam is reflected through a right angle 
in a horizontal plane, so that the spectrum, which is horizontal, is located directly 
below the quartz prism. Here it is modified in intensity by a wedge, or in width by 
a diaphragm. Follow Ing reflection through another right angle, the beam goes to the 
second quadrant of the spherical mirror which collimates it, to the prism which 
recombines the spectral rays, and finally to the fourth quadrant of the mirror which 
focuses an image of the filament at the level of the lamp. This image, which is now 
subject to spectral control, is used as the source for illuminating the ground quartz, 
and this in turn serves as the immediate source for the step slit calibration. Each 
of the two halves of this double monochromator resembles a system described by 
EBERT (1889), and which has been used more recently by Fastre (1952) for a spectro 
meter. Further improvements will be needed to provide an entirely satisfactory 
instrument for spectral control, but it seems likely that efforts in this direction will 
be worth while. 

The exposure time for the calibration spectra was ordinarily somewhat shorter 
than for the stellar spectrum. When the latter was widened by trailing along the 
slit, an attempt was made to make the calibrating exposure about equal to the 
integrated exposure time for any one point in the spectrum of the star. The stellar 
exposure is, of course, broken up into a considerable number of shorter exposures by 


the widening process, and so this attempt to produce similar photographic conditions 
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is not rigorous. Moreover, due to scintillation and dancing of the image on the slit. 
the actual intensity at any point in the focal plane of the spectrograph is fluctuating 
rapidly, and this probably causes an even more serious departure from ideal photo- 
metric conditions. The overall correction that must be applied to line profiles 
measured on the basis of any system of calibration of the photographic plate must be 
determined by comparison with profiles measured by photo-electric methods. Until 


this has been done, almost any reproducible method may be used, provided conditions 
are held constant and results are regarded as tentative. 

A step slit that is to be used for calibrating spectra exposed with short-focus 
cameras must be made on a large scale, because the steps are greatly reduced at the 
focal plane. For this reason a slit assembly was built which would facilitate inter 
changing step slits with different dimensions and also continuously varying slits 
(Fig. 14). These were located in dovetail slides at one side of the optical beam, a 
short distance below the slit. A quartz prism, with a wide slot to pass the beam from 
the star and from the comparison arc. was located below the slit to direct light from 
the calibrating slits to the collimator. A large quartz field lens was mounted close 
to these calibrating step slits. A quartz lens above the slit directed light from are 
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ind 


is discharge sources to the slit. This assembly was so designed that it could also 
arry the image slicer (BOWEN, 1938), with micrometer adjustment for setting the 
slit accurately perpendicular to the plastic cylindrical lens (Fig. 15) which was used 


with the image slicer. 


3.3. Rocking Quartz Plate for Widening Spectra 


widen the spectra uniformly a plane parallel block of quartz about 
25mm thick was mounted approximately 40 cm above the slit. with provision for 


iusing the block to oscillate around an axis perpendicular to the slit (Fig. 16). A 


Cam mechanism. Operating through a system with adjustable linkage between two 
levers. caused the stellar image to travel at uniform speed along the slit. The 


amplitude of the excursion could be controlled within wide limits so that. even with 
short-focus cameras. spectra could be widened enough to permit satisfactory photo 
metric measurement. This mechanism proved to be extremely helpful. hecause at the 
coudé focus the rotation of the co-ordinate system for guiding makes it difficult to 
cause the image to travel along the slit without executing a somew hat irregular path, 
and thereby losing flux, except when the star is close to the meridian. It was felt 


f the mechanical widener 


that the gain in flux and the uniform automatic action 
more than offset the loss due to reflections. 


3.4 Location Oo; Acce SSO IES 
The general arrangement of auxiliary equipment in the vicinity of the slit of the 


coudé spectrograph at the 100-in. telescope is shown in Fig. 17. The iron comparison 
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Met} 


irc is at the right. The concave mirror which focuses the are on a slit diaphragm is 


beyond the limits of the photograph to the right. The diaphragm is close to the are 
but is hidden by the mechanism of the arc. The quartz lenses which refocus the image 
of the arc on to the slit are mounted with provision for introducing a plate of ground 
quartz between them. The flat mirror which brings the spectrally-controlled illumi 
nation to the step slits for photometric calibration is seen at the upper part of the 


photograph. Its lower surface is aluminized and it directs to the slit assembly a beam 


from the lamp source and double monochromator which are carried on an optical 


bench located on the roof of the coudé housing. The large knurled handle below the 
slit controls the focal setting of the 114-in. spherical-mirror camera, thereby making 
it possible. with a suitable decker at the slit, to make a series of exposures for 
establishing the best focal setting without physically entering the spectrograph 


housing during the series of exposures 


One of the most difficult tasks with which the observer is confronted when making 
exposurt son stellar spectra th it are intended fo. photometri studies Is TO estimate 


correctly the length of exposure. so that the background of the spectrum will lie 


within useful limits of density. This difficulty is markedly increased when high 


contrast emulsions are employed. In 1933 a d.c. amplifier with an electrometer tube 
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in a balanced circuit was employed with a potassium hydride cell loaned by Dr. 
STEBBINS, to measure the flux transmitted by the slit of the coudé spectrograph. A 
small mirror was mounted about 40 cm below the slit, in such a way that by actuating 
a lever the mirror could be inserted into the beam and made to reflect the trans 
mitted starlight into the photocell. By making measurements, at intervals of 
10-30 min, of the flux that entered the spectrograph, it was possible to improve 
by a large factor the percentage of useful spectra obtained. A thin quartz plate 
mounted in a fixed position under the slit was used instead of the movable mirror on 
some occasions. The total light loss (about 8 per cent) was, however, greater with 
this quartz plate than with a mirror introduced into the beam intermittently. The 
same photo-electric system was used for measuring the distribution of intensity 
within stellar images under various conditions of seeing. BABcock (1950) has 
installed an integrating exposure meter at the coudé spectrograph, which has marked 
advantages over any device that provides merely instantaneous values of flux passing 
through the slit. 


a0. A | utomatic Guiding 


It is difficult to hold the image of a star iccurately centred on the slit when the 
object is so far from the meridian that changes in atmospheric refraction require 
corrections in both co-ordinates at frequent intervals. A continuously variable rate 
of drive in both co-ordinates would greatly improve this situation, but this was not 
available on the 100-in. telescope. An automatic photo electric guiding control was 
developed by Bascock (1948a), which maintains the image steadily centred on the 
slit, and has the further advantage that the observer can attend to some of the 
numerous other duties that are involved in operating a stellar spectrograph. 


= ae i Microphotometers and Tracing Reducers 


A recording microphotometer is essential fol making transmission tracings of photo 
graphic spectra with a suitable enlargement to permit measurements of line profiles 
and integrated intensities. A photo-electric microphotometer was developed for this 
purpose (DUNHAM, 1932), based on the use of a cesium photocell and a stable d.e. 
amplifier (Fig. 18). A slit was illuminated by means of a ribbon filament tungsten 
lamp operated at first from a battery, and later from a voltage stabilizing trans 
former. The slit was focused on to the spectrum, through the glass plate, by means of 
a 16 mm microscope objective. The spectrum in turn was focused, at approximately 
20 magnification, by another 16 mm objective and a prism on to a vertical white 
plastic screen in the centre of which there was a slit that could be adjusted in width 
and in rotation. The photocell was located behind the slit. A Kipp & Zonen galvano 
meter with 0-2 sec. period was used to record on photographic paper carried on a 
revolving drum, with linear magnification ranging from 10« to 100«. The plate 
carriage provided the various motions needed to adjust the spectrum parallel to the 
motion of the carriage, and to permit traversing the calibration spectra at the sides of 
the spectrum of the star. Tests with a razor edge showed that the resolution of the 
instrument was approximately 0-01 mm without filters, and that performance could 
be noticeably improved by filtering out infrared radiation from the analysing beam. 

The photometric reduction of tracings made with a microphotometer involves 


extensive effort and much time. A device which facilitates this task to a considerable 


Met 


extent was developed (DUNHAM. 1933b) and found to be useful on an extensive 


programme (Fig. 19 \n index mark on glass is set on successive points in the 
tracings. and the motion of this index controls the motion of a second index on a 
scale where the background corresponds to 100 per cent. The relative motion of the 
two indices is controlled through the medium of a stiff but flexible steel band, the 
shape of which is established in advance to agree with the shape of the photometric 
reduction curve for the waveleneth region under investigation. as determined from 
the calibration steps recorded on the tracings. A comparison of results obtained with 
this device and results obtained by direct reduction of tracings in the usual way 


showed that errors introduced by the device did not exceed | pel cent. 


Devices for reducing microphotometer tracings based on a \ iriet\ of optical and 
mechanical principles have been developed by Minnagerr and HourGastr (1938 
BEALS (1944). BROwN and BirrLey (1951). WetssLer. EINARSSON. and MCCLELLAND 
1952). and PuRCELL (1954 All such devices appear. however. to represent only 
temporary solutions for a basic problem that can at the present time be solved more 


directly by applving available electronic methods. WILLIAMS and HILTNER (1940) 
and Bascock (1948b) have developed null balancing microphotometers which record 
the ordinate within i wedge calibration spectrum that has the same transmission as 


the area included within the analvsing slit in the spectrum. The result is a con 
tinuous record of intensity as a function of wavelength \n instrument of this 
type is obviously essential for any extensive photometric programme in. stellar 


spectroscopy 


$. PHOTO-ELECTRIC MEASUREMENT OF STELLAR IMAGES 


] 


} a Distribution oO} Inte) sili TO) | arious Conditions of Seeing 
At almost every observatory a subjective scale ol seeing 1s employed to describe the 


approximate angular dimensions of the images of stars. From the point of view of 
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spectrograph design quantitative information regarding frequency distribution of 
images of different sizes at any specific station is much to be desired. Approximate 
information regarding the intensity distribution within stellar images under various 
conditions of seeing was obtained at Mount Wilson between 1933 and 1939 \ 
potassium hvdride photocell, kindly loaned by Dr. JOEL STEBBINS, was used with a 
d.c. amplifier and galvanometer to measure the flux passing through apertures of 
various types at the coudé focus of the 1L00-in telescope. Three methods were 
employed: (1) measurement of flux through a slit as a function of slit width 2 
measurement of flux through a small square aperture as a function of distance from 
the centre of the image: and (3) measurement of flux through a series of circular 
apertures of different sizes. each centred on the image. 


In the first method. the image of a star was focused for maximum deflection on the 


regular slit ot the spectrograph. The slit Was ‘losed and then opened first In Steps o1 


5 microns, and then in wider steps. The flux passing through the slit was recorded 


for each value of shit width until further widening caused no increase. When flux 
was plotted as a function of slit width. no departure from linearity could be detected 
up to a slit width of 100 microns (1-0 second of are 370 microns) under any condi 
tions of seeing for which measurements were made. And even up to the value of slit 
width at which 50 per cent of the total flux was transmitted. the relation between 
slit width and flux was in many cases close to linear. The greatest departure occurred 
when seeing was relatively good. The data for each grade of seeing (1, 2, 3. and 4) was 
combined and is shown in Fig. 20, which covers the range of slit width that is likely 
to be emploved with stellar spectrographs for medium and high dispersion. The 
scale of seeing extends from “‘less than Ll” to 5, and very occasionally 6. Higher 
values are rarely recorded. In Table 2, successive columns show the seeing, the 
number of observations, the fraction of light transmitted by a slit 100 microns 
wide, and the width of slit required to transmit 50 per cent of total flux 

The second method was based on measuring the flux that passed through a square 
aperture 0+] 0-1 mm (the regular slit set at 0-l mm and a decker 0-1 mm wide 


| 


while displacing the image of a star by equal intervals across the diameter of the 


image, after adjusting the focus for maximum deflection at the centre of the image 
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The displacement was accomplished easily and quite satisfactorily by means of the 
quartz rocking plate (Fig. 16) that is ordinarily used for widening spectra. A scale 
divided in millimetres allowed the oscillating bar to be set at 10 equal intervals. These 


intervals were adjusted by means ot the linkage pin SO that regardless ot the quality 
oi seeing, scanning extended to a distance from the centre of the image at which the 
intensity was about 0-05 of the central intensity. Sudden changes in seeing caused 


fluctuations which exceeded errors in measurement 


l 2. F 
~ N ” 
= (ots 

I s \ 
l | 0-03 0 Pade | os 
? 4 O-O4 00 7-2 ) 
1S a30 4-4 OY 
4 } Q-27 PPO »-Y 0-6 


Smoothed curves for three images corresponding 1) seeing a and + are shown in 


Fig. 21. Table 3 shows the radius at which the intensity is one-half of the central 


intensity for these grades of seeing. 
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5. FACTORS WHICH INFLUENCE THE PERFORMANCE OI STELLAR SPECTROGRAPHS 


5.1. The Performance o| Stella Spectrogra phs under Ideal ¢ onditions 


Ifa telescope and spectrograph could be located outside the Earth’s atmosphere Ol 
if the atmosphere were optically homogeneous the design of a stellar spectrog! uph 
would present no significant problem. It is of some interest to consider briefly what 
would be the characteristics of a spectrograph under these ideal conditions, since 
the design for use under existing conditions is dictated largely by the imperfect 
optical images that result after rays of light have passed through the atmosphere 
The simplest arrangement would be a transmission grating covering the aperture 


of the telescope If the I'¢ solution ot the photog phi emulsion p On millimetres 


. Fm 
limits the effective spectral resolving power. Ro. then R vhere F. is the 
pa COS [ 

focal length of the tele scope, WI the order of the spectrum. 2 is the wavelength 
ais the grating spacing, and / is the angle of diffraction. The inherent resolving 
powel ot the Orating R. is civen by the product of the total number of SCTOOVE 

; mD 
multiplied by wm. so that R ere [ID ~ the ab imeter of the telescope wale 
yrating) aperture. If a specified value of R., is required, then the focal length of 

pad ) : 
telescope must he at least | R And the diametet ot the aperture 1 | 
| er 
} a 1 ' 1 
be at least D, R so that the inherent resolving power of the grating will be as 
. a 

oreat is the effective resolving powell \s Wn example if it Is required 1 t 
it 100,000 at 5000 A. and if a gratin vith a 1/600 mm is emploved in the 
second order with an emulsion tor which p 0-02 mm. then the focal leneth Of the 
telescope must be at least 2666 mm. and its aperture (and that of the grating) must 
be at least 83. mm D, F, 31°25 

A SVstem as simple as this. without [ ould obviously be « ipable Of Vie lding 
high resolution under ideal atmospheric conditions. but it would suffer from three 
serious limitations. Guiding would have to be extremely accurate. For an instru 
ment of these dimensions a coelostat wit! in auNXiliary eulding telescope ild 
probably vive the best results \loreovet hoht from neighbouring stars ind from the 


sky would fall on the spectrum of the star that is being observed. Finally 
iperture would not be large enough to provide sufficient flux for photographing the 
spectra of Taint stars Under the conditions assumed in the above example, the 
spectrum of a star of magnitude 2-5 could be photographed on 103a-O emulsion with 


n about 6hr. If the aperture of the grating could be increased 


a width of 1-0 mm 
to 3800 mm without changing the focal length of the telescope the limiting magnitude 
would be extended almost to 7-0. Thus performance with a 12-in. aperture unde 
perfect conditions would be somewhat better than that of the 100-in. telescope and 
coudé spectrograph under existing conditions 

In order to reach faint stars. as well as to eliminate undesired light and to facilitate 
guiding. it would obviously be desirable to add a slit and collimator, and to employ a 


grating with a separate camera. If this were done, a grating of 83 mm 


reflecting g 
aperture, similar to that assumed in the preceding illustration, and employed with a 


camera of 2666 mm focal length would vield the same resolving power (100,000 


regardless ot the aperture ot the telescope pro ided the focal ratio were held constant 


If a telescope of 100-in. aperture were employed, the limiting 
magnitude (for a 6-hr exposure) would be about 9-5. For fainter stars, speed could 
be increased by reducing linear dispersion, either by increasing the grating constant 
while holding the focal length of the camera constant. or by reducing the focal length 
of the camera and maintaining the grating constant the same. Efficiency would be 


identical in either case But the 


gain in speed that would result from reducing 
angular dispersion and resolving power would not be as great as it is when the stellar 


image is blurred by seeing effects. If the width of spectrum were reduced to 0-L mm 
the spectrum of a star of magnitude 17-0 could be photographed in about 6 hr with 
a resolving power of L000 

These considerations Pproy ide strong reasons for est iblishing eventually a spectro 
scopic station at a site where atmospheric stability is high The most favourable 


site of all would. of course. be on an artificial satellite. In the meantime everything 
must be done to increase the efficiency of stellar spectrographs in spite of the 


mpertect images which even the best telescopes deliver at the slit 


5.2. The Effects of Atmospheric Seeing on the Performance of Stellar Spectrographs 


he fact that stellar images are ordinarily much larger than diffraction patterns 
profoundly influences the design of a stellar spectrograph if high efficiency is to be 
chieved. For many vears. collimators and cameras were employed which did not 
differ very greatly in focal length. with the result that it was necessary to use a 
narrow slit. which could admit into the spectrograph only a small fraction of the 
total light collected by the telescope. NEWALL (1905) calculated the fraction of 
ght that passes through the slit for images of various sizes. He increased efficiency 
by widening the slit. and at the same time maintaining effective resolving powel 


{ 


mstant by increasing angular dispersion through the use of four prisms. WEAVER 
1948) has compared the theoretical performance of Cassegrain and coude spectro 


] 


raphs with collimators of various diameter. BOWEN (1952) has given an extremel\ 


lear account of the basic principles that are involved in connection with his descrip 
tion of the spe trographs at the 200-in. teles ope 

The primary aim in designing a stellar spectrograph is to achieve a specified value 
of effective resolving power (f ind at the same time to permit the slit to be wide 


enough to transmit a large fraction (7') of the lioht that is available in the Image. 


There are ten principal factors which influence the speed of a stellar spectrograph 


two are specifications to be met \ the recorded spectrum ind f ul ean be influenced 
OnIV TO a MIMNo!l degree. Wi at i | but there are tour factors that are. to VarVInNYg 
degrees. under the control of the designer. These factors may be summarized as 


fi yt IWS 


1) Effective resolving power. R \A/A 


2) Width of spectrum. JI 


n millimetres 


Fac Ors that are Be yond Contro 


(3) Magnitude of star. 
1) Transmissivity of the telescope-spectrograph system (this should be about 
30 per cent under good conditions and there is little likelihood that it can 


] 


increased to an\ significant degree in the near future 


(5) Angular dimension of the equivalent square stellar image in radians 


(6) Linear resolution of the photographic emulsion, p (assumed 0-02 mm 


Factors that can be Controlled in the De sign 


(7) Diameter of telescope aperture D, 
(8) Diameter of collimator aperture, D, 
(9) Foeal leneth of camera. F 


(10) Angular dispersion of grating or prism, dp/d/ (radians per Angstrom 


Note di dd} 


where / is the angle of diffraction. m is the order of the spectrum. a is 


the erating constant. and Z is the w iveleneoth. 


If we designate the apertures ot the tele scope collimato1 and camera hy dD, 


D,. and DP, and their focal lengths by F,. F,. and F.,, then the linear dimension of 
the stellar image is eF',. Following Bowen (1952), we can greatly simplify the prob 


lem by assuming an equivalent square, uniformly bright stellar image. The reasoning 


that BOWEN employed shows that the slit vidth s corresponding to the linear 


photographic resolution. p, is 


/ 


ce) < } “ ; p 
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where z is the ingle of incidence 


The fraction of available flux which passes through the slit is 


D s B 
fy p 2 

Df Once 
It is useful to express 7’ in terms of the effective resolving power, R When R 

is limited entirely by p (as it is when p 0-02 mm and D, F 1/40). then 
) h, dp ‘ 
fi ae 5 
p dA 


\ccording|y 


é DR } COS ¢ 


This expression shows that, when a specified value of R, is required, the fraction of 
flux transmitted by the slit depends directly on D,, the collimator aperture, and on 
dp/d2, the angular dispersion of the grating. The transmission also depends on D,, 
the telescope aperture, and on ¢, the angular size of the stellar image. In Table 4 the 


fraction (7') of flux transmitted by the slit is shown for various values of effective 


resolving power (/.), for various telescope apertures (D,) and for various diameters 
of the stellar image (¢). The camera focal length (F',) that is necessary to give the 
required resolving power, R,, is shown in the table. It is readily found from (3 


pR, di 
A, dp 


The values of 7’ have been calculated fo seeing that is “oood”’ é Or. 10-5, 


approximately Il sec. arc), “fair” (¢ 1-0 10°, approximately 2 sec. arc), and 


DOO! ).() ) proximately SEK Lr'< ind lol telesc Opes ranging from 
PH—POO 1 iperture 
{ j 
rT \ 

/ R / 

} i fh 

: | , 
he | t ’ yb le { ( mall telesco . ( ( Ving powel und good 
seeing very satista I t! tion otf the flux SSes l wh the slit vhen the 
mator has an aperture of 2001 but that for larer ( ves high eficiency can 
he hieved on torn ie] e res ng powell ! if the el hest conditions of 
seeing. Th le 4 7’ hye eased b Oo er D,. the collimator 
ial ea ls ili ii ivi s imposed on D, by th 
| iltv that is e inter ! Oo ! irge vratings and by the aberrations 
f Schmidt meras th extre higt ertu rat \nd a practical limit is 
cet } AZ bv the ft t tl} it Is ble to be I t photovraph is wide a spectral 
nterval as can be covered with the same exposut mie tilable emulsions. The 

ilue OT angular dispersio} 26) 0-4 rad. per A) that plies Tor a 600 per mm 
orating in the second orde}1 Y s hig is can Ise thout sacrificing spectral 
range it] imeras that eC! ield equ to It the focal leneth. Hence 
tis important t nerease r } tol nerture I nsistent with critical 
definition for Schmidt ! Ss of us Tocal | Hs l east to the point where 
most oT The iVallalb flux SSeS nhroughn the stit 

By setting 7 n (4 e SEC hat of Ds must be chosen to utilize 

ll of the lig] t in tl ate 1) e. tor IOUS lie ot FR ind witl telescope ot 
Various apertures 

D,R y, 
DD 6 
/ 

The value ot OS ~ isu hose TO ! He ionored for the 
present purpose in ind ) 

Table 5 shows the collimator aperture. /),. tl s required to permit all of the 
flux in the stellar image to pass through the slit for various values of R D, and 
on the issuMption that orating Ith 600 vrooves per n s used in the second ordet 

i/d7 1-26 lO 4 rad. per A 

It is obvious from Table t| arked advantages will result from providing very 
large gratings and Schmid meras of large aperture. so that the diameter of the 


V 


collimator | D,) will be as large as possible When the practical limit has been reached 
in this respect. other devices such as the image slicer must be employed in order to 
make a further gain in efficiency. 

The relative speed (S) of any spectrograph depends on (1) the flux arriving at the 
slit. which is proportional to D),?: (2) the fraction (7') of this flux that passes through 
the slit: (3) the coefticient (7) of overall refle: tivity (and transmissivit\ if any lenses 


are employed) of the system. including the grating or prism; (4) the width (vv) of 


}, ; 
the spectrum: and (5) the linear dispersion =, When these five factors are 
ph 


combined we have 


rD,D, dp cos ) 2? 
Ss ~~ _ 


Eepw dl} COS F R - 


The width (a) of the spectrum that results from the seeing image alone. without 


artificial widening. is shown in Table 6, for various values of telescope aperture (1), 


R R R é i i t R 


0 OOO SO. O00 » OOO 1) CVO S000 > »() ) SO O00 


O-O038 O-OLO O-O40 O-OOD O20 ()-( O-OLO O-O20 
O-O0O5 0-020 O-OSO OOLO O-O40 r( O-O20 O-320 O-O40 


O-OLO 0-040 0-160 O-O20 O-OSO 4 0-040 0-160 0-640 0-080 
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camera focal length (/';). and seeing (¢), on the assumption that the collimator 


aperture (D,) is 200mm. The value of w is 
é FF; 


(d) 


[fa minimum width of 1-0 mm is required for the spectrum, it is obvious that the 
spectrum must be artificially widened (BOWEN’s Case II) for the conditions assumed, 
in every case excepting very high resolving power (PR 80.000) with a 200-in. 
telescope when the seeing 1s poor (4 sec. arc). 

The relative speed has been calculated from (7) for each of the various telescope 
spectrograph systems that have been taken as examples in preceding paragraphs. 


Table 7 shows the results. which are based in every case on the assumption that the 


D 200 
zt l \ 
5000 A 
W 1-0 
, 
| ; V 
~ 0.01 ~ 1 
} / / I / I 
t ) 2 ) LOo24 64 1-00 
} ODS 64 s O50 2 5 ( 100 12 4 ?-O0 
9 lt » 2 64 4 2 128 . ?. lt 78 


the focal 
plane of the spectrograph is at least 1-0 mm (BOWEN’Ss Case I) or because the spectrum 


spectrum is 1-0 mm wide, either because the size of the stellar image in 


is artificially widened. The speed for a 100-in. telescope, with R 80.000 and 
1-0) l0-° (seeing 2 sec. arc) has arbitrarily been taken as 1-0. Under these 


conditions, an exposure time of about 6 hr is required with 103a-O emulsion for a 
6-0 magnitude star. For other systems, the exposure time will be given, approxi 
mately. by the expression 
6 
Exposure time (hours g log l (4 mag 6-0), (Y) 


The spectra of faint objects must ordinarily be exposed with a width less than 
1-0 mm, in spite of an inevitable loss in effective resolving power. When the width 
; 1-0 
of spectrum is reduced, the speed is. of course, increased in the ratio _ For values 
ss 
of D, and df/d/ that are different from those assumed, the value of the speed (S) 
can be calculated from (7 
The preceding calculations are all based on the assumption that the image is 
square and uniformly bright. However, the principal conclusions. insofar as they 
influence the choice of factors in spectrograph design, will not be different for the true 


distribution of intensity in the image of a star. 


6. OUTLOOK FOR THE FUTURE 


6.4. [mprove ment o} Tndividual Factors 


The rate at which a stellar spectrograph produces useful scientific information 
depends almost equally on several very different factors, each of which controls the 
final result. These include the percentage (and distribution in time) of clear sky, the 
average diameter of stellar images, the aperture of the telescope, the efficiency of the 


spectrograph, and the sensitivity and signal-to-noise ratio of the detector that is 


emploved. whether this be a photographic emulsion or a photomultiplier and associ 


ated electronic circuit. It is worth while to consider the extent to which improve 
ments can be expected as regards each of these factors. 

The choice of a favourable site profoundly influences the output of a spectrograph. 
The importance of a reasonably high percentage of clear sky is obvious. But the 
average duration of individual clear intervals is almost as significant. Much more will 
be accomplished at a station where the duration of clear intervals is often 6 hr than 
at a station where these intervals last. on the average. only 2 hr. The number of 
specialized operations involved in setting a telescope and spectrograph into action is 
such that in practice little is accomplished except on occasions when there is a 
reasonable outlook for continuous observing. Quite possibly it would be logical 
to arrange matters so that, with a well-thermostated spectrograph, automatic 
euiding, and constant watching of the sky even short clear stretches can be utilized. 
Weather information is rapidly becoming much more adequate for evaluating sites 
in advance. Data on punch cards is available for many stations and could easily 
be used to show. not only the overall percentage of clear sky, but also the fraction of 
all clear sky that occurs in uninterrupted stretches 3, 6, 9, and 12 hr long. The 
results of such studies might usefully be taken into account in selecting a site for 
spectroscopic obsery ing. 

The importance of good seeing cannot be over emphasized. There are probably 
ereater variations between existing stations in the fraction of light in a stellar image 
that can pass through a spectrograph slit than in the percentage of clear sky. It 
would be worth while to make quantitative measurements of scintillation or t 
observe quality and tremor of the diffraction pattern with a small telescope, and to 
determine the extent to which these characteristics are correlated with image 
diameter. A year or more spent on such studies at an early stage in a new project 
might markedly increase the output of the station. 

The advantages to be derived from a favourable site are so great that it may be 
logical to establish a coudé telescope and spectrograph at a considerable distance 
from a scientific centre. if conditions are definitely superior. The requirements for 
operating a specialized instrument are not extensive. If water, power, and trans- 
portation do not offer formidable difficulties, the additional cost for a station at a 
favourable site may be more than balanced by the increase in output that can be 
expected. This is a question that must be settled on the basis of quantitative data 
on clear sky and seeing for various sites, and on the basis of estimated cost for 
operation at each site. Scientific isolation is scarcely a factor to be considered. since 
observers can rotate every few weeks, and each would presumably spend most of his 
time at a scientific centre when not actually working with the spectrograph. 

The maximum aperture of the telescope is so obviously desirable that it is often 
given undue emphasis in planning a project. When adequate provision has been 
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made for a highly efficient spectrograph, with vitally important accessories, then it 1s 


logical to increase the size of the telescope just as far as possible. 


The spectrograph design appears to offer. at the present time.a greater opportunity 


for improving spectroscopic output and reaching faint stars than does any other 


factor. Very large gratings. operating with Schmidt cameras of high aperture ratio, 


in bring about a striking increase in the fraction of flux that passes through the 


slit. and this can be accomplished at a cost that is very moderate in comparison 


] 


with the cost that would be involved if the telescope aperture were increased by a 

corresponding amount Estimates show that if one starts with a 70-in. telescope and 
spectrograph with a 6-in orating. it would be at least twenty times as expensive to 

double the speed of the svstem (for high dispersion) by increasing the aperture of the 

telescope to 140 in. as to achieve the same result by ncreasing the aperture of the 
rating to 12 in 


‘inally. the detector of radiation that is used in the focal plane of the spectro 
oraph must have the highest factor of merit that can be attained. The performance 


] 


it the most effective photographic emulsion must be compared with the best photo 


electric systems and image converters. both as regards sensitivity and as regards the 


vccuracy that can be attained in measuring intensity within a narrow band in the 
spectrum. There is little question but that photography will continue to be used in 
stellar spectroscopy for a long time because a single exposure can cover a wide 
region in the spectrum \larked increases in speed can often be realize | by selecting 

otographic emulsions for highest performance. Individual commercial emulsions 
f the same tvpe often show striking variations in speed. particularly in the infra 
red. A programme for testing the spectral sensitivity of all available emulsions at 
regular intervals unquestionably increased the output of the coudé spectrograph at 


Mount Wilson by a factor of nearly two during the period while the instrument was 
bel developed \ co-operative project for testing would be of great benefit to 
several observatories. since many individual emulsions could be compared. In 
addition. fundamental studies of various emulsions from the point of view of granu 


i 


larity. resolving power. and speed are much to be desired. so that the maximum ot! 


statistical information can be accumulated with the minimum expenditure of time 
There are obviously several factors for which improvements amounting to 50 pel 


ort It would therefore be wise. 


cent or more can be achieved with very moderate ef 
in planning any new project in this field. to give careful consideration to the entire 
situation and to attempt to distribute both effort and funds in such a way as to 
ichieve the highest overall efficiency. measured in terms of scientific results. The 
aperture of the telescope is by far the most expensive of all the various factors that 
combine to establish the output of spectra and the limiting magnitude. and it should 


not be given undue prominence in comparison with selection of the site. design of the 


spectrograph and choice of photographic or photo-electric detectors 
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No advantage can obviously be derived from pushing the effective resolving power 
beyond what will suffice to reveal all detail that exists in the spectrum of a star. 
This detail is limited by the Doppler effect corresponding to thermal motion of atoms, 
turbulence and rotation. If turbulence and rotation were absent. thermal motion 
would still produce a width of 0-025 A for iron lines at 5000 A when the temperature 


is 30007 K. and 0-046 A for 7’ 10.000° IKK. It can. therefore. be assumed that if the 
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spectrum of any star is analysed with an effective resolving power (#,) of 200,000, all 
inherent detail will be revealed, but that in order to measure the profiles of absorp 
tion lines accurately a resolving power of about 500,000 may be required. A some 
what lower value can probably be used if the monochromatic intensity distribution 
pattern is determined for the instrument. and is employed to calculate the true profile. 
It seems reasonable to aim for a resolving power of at least 200,000. Observations of 
line profiles and of the integrated intensities of faint lines made with such resolution 
will undoubtedly justify the effort involved 

Plane gratings of high quality are now available with ruled area up to 
L50 200 mm and with efficiency considerab] more than 50 per cent at the blaze 
angle. For use in a coudé spectrograph, the grating should be as large as possible 
except that when cameras of ver\ short focal leneth are used on faint objects the 
aperture of the grating must be restricted to avoid the need for focal ratios below 
approximately {/O-7. 

The most favourable spacing for the rulings of a grating is not 


The efficiency of the spectrograph is determined by the angular dispersion of 
grating as well as by its area: and angular dispersion can be increased either 
closer spacing or by working in an order higher than the first. But the use of 
orders involves separating overlapping wavelengths. either by differences in sensi 
tivity of the photographic emulsion, by filters. or by crossed dispersion. In general 
complications can be avoided and ghosts can be held to a minimum by working in 
the first or second order, except that in the near ultraviolet (to about 3300 A) tl 
third order can be used without difficult, \ limit on angular dispersion is set by the 


desirability ot covering as long a range Of spectrum as possible Oha single exposure 


This limit is not far from the dispersion that is given in the second order by a grating 


with 600 lines per mm (1-26 10-4 rad. per A Such a grating will cover about 


1600 A within an angle of 0-2 rad This angle can be accepted by most reflecting 
cameras, of at least moderate ‘al lenot| ind this spe tral 1 inge can 1n ceneral be 
covered with the same exposure time on properly selected photographic emulsions 
If the angular dispersion were doubled by making the spacing 1200 per mm the speed 
would be doubled. but the camera would cover only half as long a range of spectrum, 
and so a second exposure would be required to photograph the entire interval of 
1600 A that is covered by the 600 per mm grating 

A lower limit on the number of grooves per millimetre is set by the desirability of 
maintaining the intensity as nearly as possible uniform over the entire field of the 
camera. If the blaze maximum is centred in the field and if it is required that the 
intensity at the edge of a field that covers 0-2 rad. be at least 0-70 of the intensity at 
the centre. then the grating spacing must not he coarser than 600 per mm If the 
spacing is 400 grooves per mm, the intensity at the limits of a 0-2 rad field will be 
0-40 of the intensity at the centre. for the same w iveleneth. There is considerable 
evidence tending to show that in practice most rulings are characterized by an 
intensity distribution less concentrated than that indicated by theory, and this will 
tend to equalize intensity over the field 

Several vears ago, SHANI proposed the use of a grating with relatively coarse 
spacing in high orders. and crossed dispersion so as to record a long spectrum Ina 
compact array. Woop (1947) made preliminary tests of this system. More recently 
HARRISON (1949) has carried the idea further and has advocated the use of extremely 


coarse rulings. described as echelle oratings. These have about 4-40 grooves per mm, 


ind are used at high angles of incidence and diffraction in a Littrow mounting. 
ce the inherent resoly Ing power of a grating depends only on the angle of diffrac- 
tio und on the width (IW) of the ruling (R — 2W sin 3/7 , this can be made extremely 
high if p is large. Moreover, under these conditions. the angular dispersion (dp/d/ 
2 tan P//) is very high. The result is that a resolving power of about 10° can be 
Ie rded photographically at DOOD A with a camera having " focal leneth of only 


ibout 10 ft. The spectrum is. however. produced in high overlapping orders. each 


vering a relatively short free spectral range The orders must be separated with 


ssed GIspersion means oO 


fa second grating ora prism. thus placing the individual 


spectra above one nother in a re tangular array Wavele: oth comparison spectra 


l probably be photographed beside the stellar spectra. if only a short section of 
he shit were illuminated, but photometric calibration spectra would have to be 
exposed on 1 separate plate I in echelle o1 iting were used with somewhat different 

gles of incidence and diffraction (without undue shadowing of the reflecting faces 
I ne GTOOVeS short mera could he emploved Wit! LL 1ong « limator thereby 
OTe nereasine « e] nd vet retan o VE O lispersion. as compared 
t] hnventional echelette grating The extent to which echelle gratings will be 
wetu ST¢ ie Spectroscopy cal PLEA he determ ne 1) OMparineg the performance 
e re ed th ru os that | e different ! erst 
\ e orating mposed I 1 r more ] ne oO OS usted s that the 
! Ss 1¢ ( ( fers t SS] t of markedly 
l ( s Oo TIit e] tk I ( ! nd therehb It O ne ef er Ot the 
Spe OTA] \ e 200 teles ( > 952) | . esstu emploved four 
st ide oratings r . | ) ) From th 
1 nt I ¢ | ( Sing ri merce tage of ll 1 | the stit It IS only 
the dimens f the srating perpend » to the c rtant. If the focal 
eng I eles e syste \ ( ! 1 ( | ( de greater in thre 
qairect hn paratlte TO the slit tha the direct ) perpe (] | the slit in elliptical] 
Ie n} ia 6) the ce } itor and the lengt! Tthe oS ( d hye conside} ibly 
ess Thanh thell v1lat! Wille Ising all of the f \ 1 ta ne Tu iivantage of a slit 
lath determined by the width of the ruled are t Is t easy to provide a telescope 
vit litters if i engths | WO Co-ordinates, but the same result can be achieved 
DV me Ss of a collimator tl has a focal length that 1s greater in the plane perpendi 
enlew ta the altt thas the plane parallel SN mat uuld provide an 
( pti 1 beam OT paralle Oo} wd iW the dimens sof the beam were 6 IS in. it 
could minate composite grating made b wine side side three individual 
oratings. each 6 Sin The eincie} vy of the spectrog ph would be the same as 
that of an Instrument with an IS ~41n. grating, which would require nine individual 
gratings he elliptical beam could be supplied by two c@ ssed cylindrical mirrors. 
vit To enoths 1} thie raft > 
In order to maintain high efficier t is important 4 rating with the 
Zé se To the e] re of the sre tral re Ion unde sel tion ™~ veral ratings 
vith ailferent properties can, of course, be provided and used interchangeably in a 
hxed optical system \nother possibility is to alter the direction of the incident 
beam, While maintaining the axis of the cameras fixed. Systems which permit the 
use OT a single grating at the blaze have been described by GrikeG and Frrarsox 


1950) and by FINKELSTEIN (1951 If two evlindrical mirrors are used in the colli 


mating system, the addition of a flat mirror between the two cylinders. as in Fig, 23 


t/ 


fo: 
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lake it possible to control the angle of incidence on the grating. The second of 


the two ey lindri al mirrors which has the longel focal leneth. would be mounted on 


in arm so as to rotate about the flat mirror. and the latter would turn at half speed. 
If the flat mirror, second cylindrical mirror and grating were located in a triangle 
With a 90° angle at the grating (for the middle of the spectral range _the direction of 


he incident beam could easily be controlled, while all of the flux falls on the grating. 
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The mecha il design of a coudé spectrograph must provide for interchanging 


cameras so that the correct camera Cah be used to Vlelad maximum detail in the spec 
trum of an object of any specihed brightness within the available time for a photo 
graphic exposure, and under existing seeing conditions. It is highly desirable to 
aintain each concave mirror in fixed relation with the plateholder of the camera of 
which it is a part. There is justification for providing enough individual cameras so 
that their focal lengths will not differ from one another by factors greater than two. 
Many arrangements are possible and several have been studied in detail. The design 
shown in Fig. 24 makes it unnecessary to move the large mirrors or plateholders of 
the two longest cameras. All of the shorter cameras are mounted with their axes 


horizontal (N—S) on a single steel frame which slides on horizontal (H-W) rails so as 
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to bring each camera in turn into the position where it will receive the sp 


from the grating. 


6.3. ( hoice oO} S pectrosco pu SYste wis [oOo Bright and Faint Objects 


For stars brighter than the sixth magnitude. high weular dispersion and 

cameras with long focal length can be used to achieve high resolving 

echelle grating with crossed dispersion may have definite advantages. b 

of its extremely high resolving power and because it would facilitate © 

spectral interval with a single exposure. But the full inherent resolving 

sucha orating could be used only on the bi lightest stars With short-focus cameras 

would be possible to achieve high efficiency and high lineat dispersion at the same time 
For stars of moderate brightness (6-11 magnitude). an efficient coudé spectrograpl 

should be superior to a Cassegrain or direct-focus instrument. because of the 

of its collimator. The longest camera that will give tisfactory exposure 1 

available (about 7-in. focal length wit] 1. ape ‘e for mag. 11 id a LOO 

telescope), would ordinarily be used 


Z robably 


The spectra of stars as faint as magnitude 12 approximately can 
photographed to advantage with a coudé spectrograph and 100-in. telescope. if 
focal ratio F ))., of the camera is low enough to admit through the slit essential! 
all of the flux in the stellar image. For ‘ are Image | 1 nda LOO 


telescope the focal ratio cannot exceed f/1- The cal ratio can 


direct proportion. if the size of the stella mn re » aperture ot the te lesconpe IS 


less. Provided the focal ratio is low enough to admit all available flux. the aperture 


and focal length can have any convenient values. but for extremely faint obje 


angular dispersion must be reduced until the spectrum is short enough to be ex poser 


] 


i 


in a reasonable time There is the additional requirement that the width of the 


spectrum cannot ordinarily exceed about 0-1 mm for the very faintest objects. but 


camera with focal ratio low enough to insure passage ol ill flux at the slit while 


vielding photographic resolution of 0-02 mm, will. of course, produce a spectrum of 


very nearly the same width. Accordingly, some widening will be required, even 
give a width of 0-1 mm 

The use of an aplanatic sphere by BowEN (1952) to reduce the for 
Schmidt camera by a factor of n”. where » is the index of the class. offers an extremel\ 
effective means for achieving a focal ratio of about 0-7. with very little absorption of 
light. For cameras with large apertures this is important, because the absorption 
would be considerable in the thick-mirrot vpe Schmidt camera that has been 
developed by HENDRIX (1939 

Since neither the aperture nor the focal length are individually important for very 
faint stars. if the focal ratio is below the limit where all flux is admitted by the slit 
it becomes possible at a certain point, in passing to very faint stars, to make the 
aperture of the spectrograph small enough (3 or 4 1n.) so that the instrument can be 
transferred from the coudé focus of the telescope to the direct focus This can be 
done with advantage for stars that are appreciably brighter than the extreme limit 
that can be photographed, provided angulal dispersion can be made h oh enough 
(e.g. by using a 1200 per mm grating in the second order) to vield as much lineat 
dispersion (in spite of short focal length of the camera) as is desired, and as Is con 
sistent with a reasonable exposure time. For the faintest stars of all. the angulat 


dispersion must be reduced until finally a limit is reached just before no spectral 


! 


{ 
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ines at all can be recognized Itis worth w hile to notice that for telescopes of moderate 


size all of the flux passes through the slit with a higher focal ratio of the camera, as 
compared with a very large telescope. and so the spectrograph can be moved from 


the coudé focus to the direct focus at a magnitude corresponding to brighter stars. 


6.4. Photo-electric Recording of Stellar Spectra 


tographic process can be used to record a relatively long region of spectrum, 
ind this can be calibrated photometrically and measured to yield reasonably 
vccurate profiles of absorption lines. The process has. however. some properties that 
imit its accuracy. The granularity of the emulsion causes irregularities on a micro 
photometer tracing made with a narrow analysing slit on a uniformly exposed area 
DtNHAM. 193] so that in the tracing of a spectrum there are local fluctuations 
from the true profile. and these define a probable error for the observed intensity at 
each point Moreover. the fluctuations for points close to one another in the spectrum 
ire correlated with one another up to a distance which controls the spectrophoto 
metric resolving power of the emulsion. These characteristics must be fully investi 


ited for each emulsion that is used. following the methods described by FELLGETT 


~*) 


1953 In addition. there are also mechanisms such as the Eberhard effect. scattering 
f light within the emulsion and internal reflections from the rear surface of the glass 
which make the observed intensity at any point in the spectrum to some extent a 
function of the intensities at all neighbouring points. A method for recording spectra V 
based on measuring the flux that passes through an analysing slit in the focal plane l 
ould have advantages. since the measurements would be almost entirely unaffected 
by the intensity pattern in the neighbourhood. It is. therefore. worth while to 
nvestigate the capabilities of photo-electric recording for stellar spectra, and to 
letermine under what circumstances this method may be useful 

The photo-electric method for recording spectral detail differs from the photo 
graphic method in several important respects: 1) photo-electric analysis must 
necessarily be carried out on a point-by-point basis. whereas a long region of the 
spectrum can be photographed simultaneously, 2) the width of spectrum is im 
material when the spectrum Is analysed photo electri lly since the total flux 
passing through the scanning slit is measured, while with photography the exposure 
time is markedly dependent on width of the spectrum: (3) the accuracy of a photo 
electric measurement at a single point in the spectrum. for a specified time of 
observation, is determined by the quantum efficiency of the photocathode, whereas 
in the case of photography it depends on the speed and granularity of the emulsion: 
and (4) there is a lower limit of Intensity that can be measured photo-electrically 
since accuracy is reduced when the intensity falls below a value where the electrical 
signal is comparable with the dark current of the photocathode. A photographic 
emulsion, on the other hand, can accumulate a signal over a very long period of 
time when it is protected from background illumination, as it is in a spectrograph 

Several practical considerations are important. Unless the quantum efficiency of 
the photographic process is far below that of the photo electric process, the former 
will always provide more information in any specified interval of observing because 
of the fact that a long region of spectrum can be recorded at the same time. The use 
of a photo-electric method can only be justified if it can be shown that it provides 
a higher degree of accuracy, and if it is useful to employ such a method for relatively 


short selected regions in the spectrum. 


\n lave slice) Call he used very effectively when photo-electric recording Is 
employed, because there is no need for a cylindrical lens to reduce the width of the 
spectrum. It should therefore be relatively easy to insure the transmission of nearly 
oO per cent of the flux in a stellar image under almost any conditions of seeing 
Moreover, the linear dispersion of the spectrum that is analy sed has no effect on the 
performance of a photo-electric scanning system, and very little angular field is 
needed. Accordingly, a single relatively small concave mirror of moderately long 
focus will serve for making measurements in the spectra of both bright and faint 
Stars. 

A factor of merit for any system used in measuring radiation may be defined as the 
ratio of (1) the time of observation required to achieve a specified level of precision 
{(Sa\ | per cent) for a single observation. with an ideal detector. on the basis of the 
statistical information that is inherent in the radiation, to (2) the time required to 
achieve the same precision with the method in question. In order to measure flux 
to | per cent accuracy, an ideal system must detect and count 10,000 quanta without 
error. Most photocathodes require on the average about ten quanta 1n order to 
produce one photo-electron. Accordingly, the factor of merit of a photomultiplier 
as a radiation detector is approximately O-1. if each photo-electron is actually 
counted. In the case of photography. if the linear resolution is 0-02 mim for a fast 
emulsion, and if the width of the spectrum is 1-0 mm, then an area 0-02 l-O mm 


must be exposed and its density must be measured to give the intensity at a specified 


position in the spectrum. The energy required to expose a fast emulsion to a density 


) 


ot 0-6 In the visible region is about 3:0 lO-- erg pel em-= (Eastman Kodak Co 
1953). or 6-0 10-® ere for the unit area (0-02 1-() mm) tor photographic resolu 
tion. This corresponds to 1:5 1) quanta it SOOO A The measurements by 
JONES and HIGGINS (1946) on eranularit indicate that the average erro! fora single 
measurement made with an emulsion of this tvpe. and based on an area with the 
assumed dimensions. is about 2-0 per cent. In order to reduce the error to 1-0 pet 


l 


cent. it would be necessary to increase the width of spectrum to 4-0 mm, or to average 


measurements made on four separate photographic exposures The total number of 
quanta needed for | per cent accuracy is therefore 6-0 10°, and this implies that 
the factor of merit of the photographic process, under the assumed conditions, 1s 
0-0016, as compared with an ideal detector. If, then the requirement is to measure 
the intensity within a narrow band in the spectrum, corresponding to the limit of 
photographic resolution, a photo-electric detector can vield a specified accuracy in 
1/60 as long a time of observation as is required with photography \nd so sixty 
individual unit bands. each 0-02 lO mm. or a total leneth of 1-2 mm the 
spectrum, can be measured photo-electrically with | per cent accuracy in the time 
required to get the same accuracy photographically. The obvious advantage on the 
side of photography is that while this interval of 1-2 mm is being recorded, a much 
sreater length of spectrum can be photographed at the same time. And so, when the 
aim is to record with moderate accuracy a long interval of spectrum photography ts 
to be preferred, but when a short region is to be investigated with high precision 
photo-electric recording may offer a significant advantage provided the level of 
Hux corresponds to at least 1 count per second, which is approximately the level 
for dark current with a refrigerated photomultiplier. 

It is of some interest to estimate the limiting magnitudes to which photo-electric 


measurements can be carried in stellar spectra, for various values of resolving power. 


that 
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first calculate the number of quanta in a spectral band 1-0 A wide for a star of 


ude 1-0 and spectral tvpe AQ. when a LOO-in telescope is used. On the basis 


neasurements of Py TU and Nu HOLSON 1928 the radiation falling Oona 
ircular aperture on Mount Wilson from a 1-0 magnitude star of type AO in 


th is 244 erg per sec. If we assume that the energy distribution is similar 


f black body at LO.QOO°K. then the energy contained in a band 1-0 A 
5000 A is approximately 0-000128 of the total energy. or 3-12 10° erg per 
is corresponds to 7:95 10° quanta per second. Six reflections. including the 


reduce the flux to about 0-2. If an image slicer is used and designed for 


performance, it might cause 0-5 of the flux in the Image TO pass through the 


that 0-1 of the radiation incident on the telescope would reach the focal plane 


pectrograpl Under these conditions there will be 7-95 10? quanta per 
l-O A band afte passage through the telescope nd spectrograph. If 
multiplier has a photo-electric efficiency of 10 per cent. there will be 
LO? photo-electrons per second available for measurement. On the assump 
these can be counted, either as individual pulses or in some other way. we 
late the leneth of time required to accumulate 10.000 counts, so as to 
per cent accuracy. for stars of various magnitudes and for various values of 

=: ne power 
ve S the perton e of a photo-electi letectol th 10 per cent quantum 
f ed n ide uinting or measuring circuit is Compared with the 


S ) $40) 


counting or accurately measuring in some other way 


performance of a fast photographic emulsion. Since the accuracy attainable with 


photography for measuring a single narrow band corresponding to the limit of resolu 
tion in a spectrum 1-0 mm wide is about 2 per cent. the performance of a photo 


lculated for 2 per cent accuracy 


detector has also been 


\\ hich requires 


If the 


2POOO photo electrons 


Iswoh were mM ide tol | per cent wecuracy it would ne necessary TO assume a 
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photographic spectrum 4:0 mm wide, with a resolution area 0-02 t-) mm. or else 
to assume that the measurements on four spectra. each 1-0 mm wide. are averaged. 
Such technique is rarely employed 

The data in the table are based on a 2 sec. are stellar image, and on using a 100-in 
telescope and a 200 mm aperture collimator. The use of an image slicer with 50 pel 
cent efficiency is assumed for the photo-electric measures with resolving powers of 
20,000 and 80,000, but an image slicer is not needed for the lower values of resolu 


1 


1 the slit A conventional slit is issumed for 


tion, since all of the flux passes throug 
photographic recording Kor each of several values of spectral resolving powel the 
limiting magnitude is shown for a star with enough flux to vield 2500 photo-electrons 
2 per cent accuracy) In an observing interval of | min. and also the time requir ad 
to scan an interval of 10 A with an analysing slit that corresponds to the specified 
resolving power. The last two lines of the table show the linear dispersion and 
exposure time required to vield the same resolving power with a fast photographi« 
emulsion. The photo-electric observing intervals and photographic exposure times 
for a star that is brighter or fainter than the indicated magnitudes can be found b 
multiplying the values in the table by the ratio of brightness for the two magnitudes 


concerned. No allowance has been made for reciprocity failure 


The data in Table 8 indicate that the profiles of absorption lines can be analysed 

photo electri ally in the Spe tra of stars. at least to m “nitude 7 proy ided measure 

OL. 2 ments are limited to short stretches of spectrum for studies of individual lines. A 
956 complete analysis would require an almost prohibitive expenditure of time except in 
the case of very bright stars. Photography gains in speed more rapidly than photo 
electric scanning, in passing to fainter stars (because the slit can be wider), until the 


resolving powel has fallen to the value at which all of the light in the stellar image 
passes through the slit. For still fainter stars, the relative advantages of the two 
methods remain nearly constant, except that photography is afflicted by the effects 
of reciprocity failure. Finally, the performance of the photo-electric method falls 
off fast for stars about four magnitudes fainter than those shown in Table 8, because 


below those levels the signal is less than the dark current (about | photo-electron pet 


second) of refrigerated photomultipliers vith the best performance that can at 
present be achieved 

The profiles of absorption lines in the spectrum of the Sun have been measured by 
DUNHAM (1933c) and by BrtckK (1939), using a photocell, electrometer tube, and 
galvanometer. McMatru and MoOuHLeER (1947) have made a survey of the solar spe 
trum in the infrared with a lead sulphide cell and amplifier. The flux in the high 


dispersion spectrum of a star of the first magnitude. even when the image is formed 
by a large telescope, is only about LO of that available in a spectrum of the Sun 
with the same resoly Ing power. 

The flux through the slit of a solar spectrograph when the sky is clear is often 
constant within | per cent over an interval of 15 min or longer. In the case of stella 
spectra, however, tremendous fluctuations frequently occur within less than a second 
due to the effects of atmospheric seeing. These effects are partly due to the same 
mechanism as the scintillation that has been measured by MIKESELI Hoag, and 
Haun (1951). But for a large telescope the variations in flux transmitted by the slit 
are probably caused primarily by rapid angular motion of the image and by changes 


in its dimensions. Under these conditions it is obvious that any system intended for 


photometric measurements in stellar spectra must provide for monitoring the flux 


Met 
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that has passed through the slit. Preferably. radiation from the same spectral region 
on both sides of the analysing slit should be used for monitoring 

There is general agreement that photomultipliers are the detectors of choice for 
radiation in the visible and ultraviolet, since they deliver the signal amplified by a 
factor of 10° or more, without the introduction of thermal noise from a grid resistor. 
Individual pulses differ appreciably in amplitude, however, due to variations in the 
amplification factor at each dynode. Accordingly, fluctuations in the current output 
from a photomultiplier during a fixed interval of time will necessarily exceed the 
statistical fluctuations calculated from the number of pulses. 

It is of the utmost importance to provide an electronic system that will record as 
nearly as possible all of the statistical information that comes from the anode of the 
photomultiplier. There are at least three different systems that can be used: a 
d.c. amplifier, an a.c. null balancing system, and a pulse-counting system. The 
theoretical limitations for various systems have been discussed by WILSON (1952). 

The d.c. amplifier is by far the simplest system at present available for measuring 
the output from a photomultiplier. Kron (1948) has developed a circuit that employs 
negative feedback and has excellent stability. Tests show that it is capable of 
measuring considerably less than 10-!° amperes with | per cent accuracy in LO sec. 
HiLTNER and Cope (1950) have combined two somewhat similar circuits. each with 
a separate photomultiplier, to compensate for the fluctuations due to seeing in 
scanning stellar spectra. One photomultiplier was employed for monitoring the 
undispersed incident flux below the slit and the other for analysing the spectrum. 
The output of the monitoring amplifier was fed to the slide wire of a self-balancing 
potentiometer, while the output of the analysing amplifier was fed to the recording 
pen The simplicity ofa system of this kind makes it desirable to establish its limit 
of performance under the most favourable conditions. 

A S\ stem that is ideally suited fo1 comparing the Hux in two beams was developed 
by Harpy (1929) for his well-known colour analyser. The two beams fall alternately 
on to the same photomultiplier. If the beams are unequal the resulting a.c. signal is 
amplified and fed to a phase-discriminating motor which restores the balance by 
changing the setting of an attenuator in the monitoring beam. The recording pen 
is linked to the attenuator. A system of this kind has been used for direct photo 
metry of stars by WALRAVEN (1953). A study of the capabilities of such a system at 
very low levels of flux is being made, in collaboration with G. R. Morr and C. D. 
Scotr, at the University of Rochester. 

Pulse counting systems have been used by YaTes (1948) and by BLITZSTEIN (1953) 
for direct photometry of stars. In principle they offer an advantage in comparison 
with d.c. and a.c. system, since the individual pulses are counted without addition of 
noise from a resistor or from mechanisms within an amplifying tube. It is. however, 
essential to provide for monitoring the incident radiation if the theoretical advantages 
of pulse counting are to be realized. This is accomplished in a system that is being 
developed at the University of Rochester under a orant from the Research Corpora 
tion. Two photomultipliers are used, one in the scanning beam and one in the 
monitoring beam. Each photomultiplier sends pulses through a preamplifier to a 
scaler. The scaler which receives the monitoring pulses acts as a master, and turns 
off the second scaler, which receives the spectral scanning pulses and is connected 
as a slave to the first scaler. The system can be operated in two different ways, as 
shown in Fig. 25. In the first method the master scaler turns off the slave when the 
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master has accumulated a predetermined number (e.g. 10,000) of counts from the 
monitoring beam, so that the reading on the second scaler is directly proportional to 
intensity at the selected wavelength in the spectrum, regardless of momentary 
fluctuations in seeing. In the second method both scalers are stopped by a time base 
at the end of a predetermined interval (e.g. 10 or 100 sec). In this case the reading 
on the slave must be divided by the reading on the master in order to obtain a value 
proportional to intensity in the spectrum. The display of both scalers will be photo 
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yunting systems for scanning stellar spectra 


predetermined time; both counters start and stop ¢ 

counting period 0-1, 1-0, r 100 seconds, preselected. 
predetermined count: both counters start together from ¢ 

ogether when the monitor reaches 10°, 104, 10° or 10® counts. 


graphed on 35 mm film, together with the wavelength setting, whereupon the scalers 
will resume counting at the next position in the spectrum. 

The actual performance of each of these three photo-electric systems for scanning 
stellar spectra must be carefully evaluated, since technical factors may modify 
theoretical predictions to a marked degree. 

All of these photo-electric systems suffer from the serious limitation imposed by 
the need for measuring single narrow bands successively in the spectrum. LALLEMAND 
and DUCHESNE (1951) have developed a method for accelerating the photo-electrons 
that leave the cathode and focusing them on a photographic emulsion. This makes it 
possible to record simultaneously the intensity at many points within an extended 
object. In its original form the method requires mounting the photographic emulsion 
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same vacuum tube with the photocathode. If this somewhat inconvenient 


difficulty can be overcome. the method may creat ly decrease the time 


read Tor analysing a considerable interval in the spectrum ot a star. 


hoto-electric scanning in stellar 


eems likely that an important application of ] 


v will be for establishing standard line profiles in the spectra of individual 


SCOD 
If even a ni derate numbe Ol lines covering a wide range of intensity, Can 
‘asured with high precision. employing a method that is free from the well 
photometric errors that are inherent in phot oraphy (scattering in the emul 
KBERHARD ettect. ef it will be possible to establish corrections for spectra 
oraphed with any particular instrument and with any emulsion. Such standard 
be determined with maximum accuracy in the spectra of very bright stars. 
in be used Tor ¢ iliby iting low dispersio} is vell as high dispersion 
oraphs WwW the mtensit Is reduced by means of filters until photographic 
ire Times are Omparable to those ordina iV em) ved \nother lportant 
t for photo-electric s¢ hinge Is ilKe 1 he the me surement of faint intel 
Hbsorption lines suc! is Those of Ca l na ‘ "| Sis a Siltuatilon where a 
interval of onl l or 2? A needs to be estigated, but where the highest 
tts ible is desired 
| i- Pr / 
e beam interferometers e been used extensive TO) Horatory applications 
oh resolving power is required he reflect echelon and the Lummet 
( te have marked advantages from the } t of vie f permanent adjust 
1 of performance in the ultraviolet it the rdel f interference cannot be 
nd the nel re t ty ror ( 1] c etalol ynbines great 
t s regards res OG eC] i tree spect ri the possibility of 
pnerture. JACOQUINOT (1954) has shown that the emcte tT the etalo) marked] 
ls that of prisms lon g 
talon has bee e} ed } } ( < easurements of Wave 
s (BuRNs and Merc ~ 927 na r studies of | erfine structure SHANI 
ind ApAM (1948) have used an etalon for studies of line prohies ind wave 
sin the solar spectrum b projecting the ring patter! nto thre Sit of a spectro 
TRI ANOFT 1949 Nas elnpte ved tT) et 110] Hel na thie TO i] plane a) | a solar 
TAD! with separate collimating and focusing lenses \ll of these methods 
ised on photographing relative vide spectrun hic the fringe pattern 
erposed and then measuring the positions of fringe Maxima ol making photo 
measurements betweel id] cent Maxima ‘his n be done when in extended 
such as the Sun Is being studied Hut it would be quite pl ictical to expose a 
sraphic spectrum of a star with the width required for this method 
fundamental relations that apply to the etalon have been discussed by 
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Here, / is the wavelength. » is the index of the medium. and ¢ is the spacing between 
the two plates of the etalon. 
The maxima of the fringes occur for values of ? that are defined by integral values 
of m, the order of interference. in the expression 
mA 


COS \ | | 
Prt 


Any change in m, A, n, or ¢ will cause a change in the angular radius of a fringe 
Ordinarily m, n, and ¢ are held constant. and the wavelength, 2, is measured as a 
function of ?. JACKSON and KUHN (1938) changed the optical path, nf, by changing 
the pressure, and so the index of the air between the plates. JACQuINOT and Durour 


=a, 


(1948) have employed this method for photo-electric recording. They focused the 
fringe pattern on a circular diaphragm just large enough to permit the central fringe 
to pass through to the detector. Under these conditions the etalon serves as a filte1 
which transmits a series of very narrow bands spaced at equal intervals in the spec 
trum. If these bands are separated by a monochromator ahead of the etalon, a single 
band will be passed by the etalon, and the central wavelength of this band can be 
changed by altering the air pressure between the plates. JAcqurnor and Durour 
have also suggested changing the separation of the plates by thermal expansion or by 
magnetostriction in order to accomplish the same result. 

This method is well adopted for photo-electric scanning in stellar spectra. If the 
etalon is large enough it can be placed in the parallel] beam of the monochromator 
itself, either preceding or following the grating, thereby saving the loss of light that 
would result if a separate collimator and focusing element were used for the etalon. 
The proposed system is shown in Fig. 26. Mechanical displacement of one of the 
interferometer plates to change the optical path would be preferable to changing the 
air pressure, so as to avoid light loss at four air-quartz surfaces. The separation of 
the plates would be altered, either continuously or in steps, depending on the type of 
recorder that is employed, and the grating of the spectrometer would be linked with 
this motion so as to rotate continuously at precisely the rate required to hold the 
wavelength corresponding to the etalon spacing on the analysing diaphragm. Smooth 


motion of one plate would be required through a distance of only one-half wave 


length, whereupon the plate could return rapidly to its original position and the 
cycle could be repeated. Deformation of a relatively rigid metal frame by means of a 
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cam-operated spring, or by means of several sylphons, may offer a satisfactory 
mechanism for controlling the etalon spacing without disturbing the parallelism of 


the plates. 


Tl e radius of the analysing diaphragm should not exceed the radius of a circle, on 


the outer side of the central ring. for which / tT] max. When the central ring corres 
ponds to a waveleneth for which / IT max on the axis of the etalon (Fig. 27). 


Under these conditions the diaphragm has the maximum diameter that it can have 
without significant loss in effective resolving power. JACQUINOT (1954) has shown 
that the radius of an analysing diaphragm, centred on the axis of the etalon, which 
fulfils these conditions. is (2/ PR)? 

Since the maximum angular radius of the analysing diaphragm is set by the 


required resolving power, the system should be designed so that the largest possible 
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fraction of the flux in the stellar image can pass through the diaphragm. Ifthe angular 
dimension of the stellar image is ¢ at the focus of the telescope, then its angular 
dimension at the focal plane of the monochromator-etalon system will be increased to 
D, 
dD, 


Obviously, the etalon should be as large as possible, so that the angular dimension 


where Dd, is the aperture of the telescope and dD, is the aperture of the etalon. 


of the siellar image will not be magnified to such an extent that any of the flux will 
fail to pass through the analysing diaphragm. 

Asa specific example. we may consider the performance of an etalon with 4-in. 
aperture, when used with a 100-in. telescope to vield a resolving power of 500,000. 
Under these conditions, the angular diameter of the analysing diaphragm cannot 
exceed 4 lO radians. If the angular dimension of the stellar image is 
1-0 10~° radian (approximately 2 sec. of arc), it will be magnified to 2-5 10-4 
radian in the focal plane of the monochromator-etalon. Accordingly, even under 
conditions when the seeing is relatively poor, the stellar image will occupy only about 


1/16 of the diameter of the diaphragm. The ratio of the dimension of the projected 
stellar image to the maximum allowable diameter of the analysing diaphragm is pro 


yortional to the aperture of the telescope and to the square root of the resolving 
| | | 1 
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power. Either or both of these quantities can obviously be increased to a considerable 
degree before any light will be held back by the diaphragm. In fact, all of the light 
in a stellar image measuring 0-8 10? radian (about 1-6 sec. of arc), formed by a 
1000-in. telescope could be utilized with a resolving power of 2,000,000 if an etalon 
fin. in diameter were available. 

The minimum aperture of the etalon that is required to utilize all light in the image 
of a star is D, e. D,R2/2-83. Accordingly, for a 100-in. telescope, ¢ 1-0 10 


and R 5 10°, an aperture of | in. is sufficient. JACQUINOT (1955) has pointed 


out that the advantages of a small etalon, from the point of view of realizing the 
necessary accuracy in optical figure, may be so great as to offset the moderate licht 
loss involved in providing a separate collimator and focusing element for the etalon 
and the monochromator. 

The conclusion that all of the light in a stellar image can be utilized when a Fabry 
Perot etalon is employed, even with large telescopes, poor seeing, and high resolving 
power, is one of great importance, since nothing of the sort is possible with echelette 
gratings. The basis for the high efficiency of the etalon is the extremely high angular 
dispersion close to the centre of the circular fringe pattern. At the centre the dispe1 
sion is infinite, but the average angular dispersion within the range 0 i ,. 18 


dild2 | 7 A, | Ad, regardless of the spacing, f And so, within a circular 


1 
diaphragm with a diameter of 4 10-° radian v, 2? 1Q-?), corresponding toa 


“uo 


resolving power of 500,000, the average dispersion is 0-4 radian per A, which is more 
than 1000 times as great as the dispersion of a conventional grating. This impressive 
property of the etalon makes it possible to cause the angular cone containing the 
stellar image, even after magnification within the spectroscopic apparatus, to match 
the angular width of an extremely narrow spectral band which corresponds to very 
high resolving power. The overall transmission of an etalon at the fringe maxima 
can be 0-5 or more in the visible region if dielectric coatings are used, and so we may 
anticipate with confidence that almost half of the theoretical performance can be 
realized. 

The free spectral range, A/, for an etalon can be expressed in terms of the resolving 
power, F&, and the reflectivity of the coatings in the following form 

wh 
\} 12 
R | 

Accordingly, AA is ver\ nearly proportional to 1/1 rand so it Is extremely desirable 
to employ a high value for yr. Some dielectric coatings have reflectivity as high as 
0-97, which would make A/ 1-0 A. It is most desirable to be able to employ these 
high values of reflectiy ity, hot only because they increase the free spectral range, but 
because they also reduce the minimum intensity between fringes to a very low value, 
and this is most desirable for precision photometry. But if full advantage is to be 
taken of the inherent properties of these coatings, the plates must be floure d flat with 
an accuracy of at least 1/250 wavelength. There is a question whether the homo 
geneity of either quartz or glass is sufficient to permit achieving this degree of 
accuracy, even if it were technically possible. New methods for figuring and testing 
will obviously be required. 

The monochromator must provide enough angular dispersion to separate adjacent 
orders in the focal plane. In the example discussed above (100-in. telescope, 4-in. 


etalon, and « 1-0 l0-> radian) the projected stellar image has a dimension 
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10-4 radian, and so the angular dispersion of the monochromator must 
be at least 2-5 10-4 radians per A in order to separate the images in adjacent 
orders completely. This value of angular dispersion corresponds to that of a 1200 
groove per mm grating when used in the second order. For better seeing, a smaller 
telescope, a larger etalon, higher reflectivity or lower resolving power, the required 
angular dispersion would be less. The diameter of the analysing diaphragm should, 
of course, be made equal to, or just less than, the linear dimension of the free spectral 
range in the focal plane of the monochromator. If the grating and monochromator 
are placed in separate collimated beams, the required aperture of the grating is 
determined by its angular dispersion (dp/d/Z) and by the free spectral range (AA) 


ol the etalon. as well as by { and D, 
eD, di 

dD, ; 
‘ Ai dp 


(13) 


The usefulness of an etalon is not necessarily limited to very high resolving power. 


If the separation of the plates is reduced. the resolving power is reduced and the 
width of the spectral band that can be used for photo-electric scanning is increased, 
so that fainter stars can be observed. A lower value of auxiliary dispersion will also 
be suthcient to separate adjacent orders. since the spe ‘tral range will be oreater. It 
seems likely that the etalon will serve a useful purpose for scanning stellar spectra 
resolving powers greater than the value for which about 50 per cent of the flux 
an be utilized with echelette grating This limit occurs at a 
resolving power of about 10.000 for a 100-in. telescope under average seeing condi 
tions (unless an image slicer is emploved). and at a higher level of resolution for 
smaller telescopes and for better seeing 
A comparison must al be made with echelle gratings. The angular dispersion 


> tan 


a grating used in a Littrow mounting is dp/d/ - vie -. where f§ is the angle 
} 
‘diffraction. The dispersion of an echelle grating with grooves shaped for use with 
) tan-! 2-0 is 8 10-4 at 5000 A. This is 6:3 times the value of dispersion fora 
600 oroove per mm orating used in the second order. but the echelle must be used 
with crossed dispersion. presumably provided by a prism, and this causes a loss of 
light which may reduce the gain to a factor of about 4. Moreover, it is unlikely that 
the aperture of an echelle. as it is seen markedly foreshortened from the collimator, 
can at present equal that of a single or multiple plane grating. The loss in efficiency 
on this account will. for some time at least. offset the increased angular dispersion. 
And the intensity at wavelengths where successive orders overlap is consider 
ably less than it is at the blaze angle. Theory indicates that for a pertect ruling the 
intensity at these wavelengths is only about 41 per cent, but the value is probably 
higher in practice. The intrinsic resolving power for an echelle grating with a ruled 
area Sin. wide. and used at an angle of diffraction / tan! 2-0, is 715.000. This 
Is entirely sufficient for any foreseeable problem in stellar spectroscopy, but it seems 
likely that. with coatings now available, the etalon offers higher efficiency than the 
echelle for high resolving power. 
The auxiliary dispersion that is required to separate the adjacent orders of an 
etalon can be provided by a second etalon with closer spacing, rather than by a 
orating or prism. The spacing of the second etalon would. of course. have to be 


driven in step with the spacing of the first etalon. Such a pair of etalons in tandem 


Oe ce 099 OFT Ol OcEl OG O9LT OFT (UuTUT) on ‘<@ OJ OUILT, 
GG U ¢ 
8-0 [-€ CTI 8-0 [-€ eared 8-0 ! Cel 8-0 L-' Cel 
wT 1 YA DADOIOY J 
OFD I Ot OFO Ogl (+ OO] Of ( OoT Of VY Ol geese ples § UlUut) OUILY, 
WQUNSROUI ULOe 1 Utttl) oul 
I | | | | | | l | I | I | } L 
—/ ( - ( 1 ) ) 2 Sor 
910-0 CZ-0 910-0 ZO0-0 Cz-0 O10-0 Z9O-0 Co-0 10-0 E90-0 CeO \ iM-pueq ut josey 
Pui pdOWId O (JI9]9 010Ud 
ns a ’ - Pf < ( d § , IS 
ogy L-L a6 Lt eo Lvl ct LF ey 4 as 1-4 Q 
[PLM-puURG UOTZNOSAA UO PUOUUOANSRIULE QUO OF FUOD TOC LORAIN 
\ ti) Uo] rA\t \\ 
4) JISULO} (LLh ()- Ina qood JO }} \\ 
( rOcE Y A0j) Y dod "pel, ol O-8 
QOOTOS PUB OOO OE dd AOS) YN tod ty Ol Vel yr) © 


ULL QOS 1OPRUI Oo” OURAN) 
Qe }LAN 
UL OO 
) inoyoud MUON FUL) OAR JO “DOS 
) (hojoyd pun UOpD)d JOLIG -hAQVST DV YP DApIIA } fot } ) } »-OJOYUT J (OStADAUO,) "6 9]QD T 


‘OL. 
.956 


\I 


ues a plane grating Is alm 
somew hat smaller loss ot light 


It is of interest to calculate 


the flux in the stellar image 
fringe maxima. and that the o 


efficiency of 0:50. The limiting 


mounting 


) 
moderate size for photo-electri 


done In stellar spectroscopy In 


\loreover. experien: 


mi byt omel the simplest solution tol resolving powell rbove DOO OOD, but tor lower 


st certainly easier to operate and might involve a 


the limiting magnitude for photo-electric scanning 


1 Fab \ Perot et vlon Table y shows the limiting mm vonitude tol various values 


resolving power and for various telescope apertures. on the assumption that all 


passes through the etalon with 0-50 efficiency at the 


ating used to provide auxiliary dispersion also has an 


m ionitudes represent In each case the same level ot 


to vield 2500 photo-electrons. which corresponds to 


er cent accuracy. inl min. Higher accuracy can. of course. be attained by accumu 


ting a larger number of electrons over a longer period of time. or by observing 
righter stars. The linear dispersion and exposure times required with a fast emulsion 

Os3a-(U t record spectra photoevral hically Viti the samy resolving power are 
Snow! nthe last ft »YTOWS tf the table The resu tS re Dase Lo the same conditions 
iS sf VI I wp TO! mie S. except that 1 IS assu ned that an echelle oTating 

iT 2OO mi eTrectTtlve perture vould he used 1 eVe i resolving powel of 
320.000. and that it would have oular dispers S 10-4 radian. and 
S ise. possible make easurements the spectra of stars considerably 
fainter t the magnitudes s ble 9 ( ybservation is made 
nger thar he limit that is set by tl lar ( fa refrigerated photo 
multiplier 1s ab t tour ] O ies | ter Than thie l the table \ practical 
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Unt i recently almost every new telescope Was ned 1 opel ited as a veneral 
purpose instrument. This was particularly true in the se of large telescopes which 
have always been provided with a wide range of accessories for both direct photo 
sraphy and spectroscopy. But since about 1940 ther is been a noticeable trend 
toward specialized instruments for certain types of he advent of the Schmidt 
telescope initiated this trend, because its optical system obviously required a separate 


e fas snown That With the exception ot studies ot 


re the use oft the iret “Tf Teles eS the wide field ot 
marked advantage over parabolic reflectors. During 
Hneen 1signincant move ft huild simple telescopes of 
has come to give serious consideration to the desir 


telescopes for at least some of the work that will be 


the future. There are several reasons for this belief. 


Irst place the nature of the work itself resembles experimental laboratory 
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physics much more than is the case for any other branch of astronomy. Even the 
interpretation of results has as much significance for general physics as for astronomy. 
The actual operation of a coudé spectrograph is a technical undertaking which 
involves carefully controlling several very different factors in order to obtain the 
maximum of useful results in the time available, and in the face of rapidly changing 
seeing and cloud conditions. Such a complex procedure is better adapted to con- 
tinuous operation with a full-time instrument and an expert assistant than to inter 
mittent use, alternating with other programmes. Much can be said for an intensive 
attack on one problem at a time under conditions that permit pushing it through 
to completion. 

In the second place, if more observing time can be made available cameras with 
longer focal length and emulsions with higher contrast and resolution can be used to 
reveal more detail in photographic spectra and to increase the accuracy of both 
wavelength measurements and photometric measurements. A single spectrum of the 
highest quality is worth many with good average characteristics. And such spectra 
can be produced only when all of the many factors that influence the final result are 
simultaneously operating at the optimum level. Moreover, photo-electric recording 
will almost surely be used to a significant extent before long and will require much 
observing time. 

In the third place, so much can be learned from high-resolution spectra about the 
abundances and distribution of the elements, the temperatures and pressure in 
stellar atmospheres, the axial rotation and magnetic fields of stars, and the com 
position and motion of interstellar matter, that it seems reasonable to provide one 
or more full-time instruments which would make it possible to carry through 
vigorous programmes in these fields. Very little has as yet been done to apply the 
best available techniques to these problems, and there is little risk that a specialized 
instrument might turn out more data than can be effectively interpreted. 

Schmidt telescopes and photo electric telescopes cannot be used for their principal 
applications when the Moon is bright. If these telescopes were provided with a 
coude focus they could be used most effectively to feed a spectrograph during at least 
half of each month. This would not cover the need for a strictly specialized spectro- 
scopic instrument, but much would be gained from providing dual-purpose instruments 
of this kind. 

The uses to which coudé spectrographs will be put can be divided into three 
classes: (a) the study of the spectra of stars brighter than approximately magnitude 
6 with very high resolving power, (b) the study of stars as faint as magnitude 12 to 14 
with spectrographs that are more efficient than can be accommodated at the direct 
focus of the telescope, so as to be able to employ the highest resolving power that the 
available flux will permit, and (c) the development and testing of new methods, 
including in particular the use of echelle gratings, Fabry-Perot etalons, and photo- 
electric scanning. If we allow ourselves to visualize spectroscopic facilities at three 
different types of telescopes—the general-purpose telescope, the dual-purpose 
telescope, and the single-purpose coudé telescope—it is worth while to consider 
which kind of equipment should be provided for each type of telescope in order to 
vield the maximum scientific return. 

Every large general-purpose telescope should undoubtedly have a coudé spectro- 
raph, partly because a general-purpose telescope can only be used for spectroscopy 


oO 


during half of each month, and partly because large telescopes can reach faint 
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objects with higher dispersion than can easily be employed with a smaller telescope. 
A coudé spectrograph is more efficient than any spectrograph that can be mounted 
at the Cassegrain or direct focus, except for the very faintest stars. There is, how- 
ever, a question whether a spectrograph attached to a general-purpose telescope 
should ordinarily include cameras with very long focal lengths for work on bright 
stars. It may be logical to employ the coudé spectrograph on a large general-purpose 
telescope primarily for medium and low dispersion on stars fainter than about the 
sixth magnitude, and to study bright stars with telescopes of more moderate size. 

\ spectrograph with gratings of maximum aperture and cameras of long focal 
lenoth could be installed with great advantage on a dual-purpose telescope of $0—80 in 
aperture, fo! photographic and photo-electric studies of the spectra of bright stars 
and of stars to magnitude 10 or 12. Much would be accomplished during uninter 
rupted stretches of observing two weeks in length. The development and testing of 
new methods could be undertaken at one of these dual purpose telescopes, thereby 
establishing the design of equipment that is to be used on larger telescopes, without 
the need for taking any of the more valuable time of these instruments from 
observing programmes 

Finally it would seem logical to provide at least one specialized coude telescope, 
perhaps with about 70 in. aperture, for full-time work in stellar spectroscopy, both 
on observing programmes and on the testing of improved methods. Gratings with 
larce aperture and a group of interchangeable cameras covering a wide range in focal 
length should be included. together with reliable photometric calibration, image 
slicers. photo-electric scanning. and all other accessories that can increase the 


efficiency of the instrument. It seems likely that a specialized instrument devoted 


exclusively to stellar spectroscopy would greatly stimulate investigations in this 


field and would represent an important contribution to the progress of astronomy. 
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The Quantitative Chemical Analysis of Early-type Stars 


LAWRENCE H. ALLER 


Obser tory. University of Michigan, Ann Arbor, Michigan, U.S.A. 
S 
Universit f Michigan programme for the determination of the abundances of the elements in hot 
stars 1n\ es an observational, a theoretical, and an experimental phase. A description of the spectrum 
Pegasi f1 ,3570-73970 and the profiles of the stronger lines in the photographic region illustrate 
the type of observational material that is being employed in this investigation. The point of view adopted 
g s next described. Briefly, the model atmosphere of any given star must 
S } s ns of the ntinuous energy distribution, the Balmer discontinuity, the relative 
nsities of different spect nes and the profiles of the stronger lines, notably those of hydrogen and 
For this phase, a knowledge of the line-broadening coefficient is essential. Hence the emphasis 
I nous shock tube in which the Stark broadening of lines of 
|. INTRODUCTION 
THE spectra of the stars of early spectral class present some of the most engaging 


problems 1 astrophysics. Studies of stellar associations. such as the Lacerta 
iworegate. n ake it appeal extremely likely that these Stars are continuously being 
formed from the interstellar medium in the spiral arms of our galaxy (BLAAUW, 1952) 
The compositions of their atmospheres should reflect that of the interstellar medium 
at least for young stars or for objects in which no mixing takes place between the 
atmosphere and interio1 

(‘aleulations of stellar models and evolutionary schemes. as well as questions 
concerning the origin of the elements, require an accurate analysis of the chemical 
CO! )positions of these stars (see. ¢.g.. ALLER. 1954). In order to calculate a stella 
model, we must know the proportions of hydrogen, helium, carbon, nitrogen, and 
oxygen which are important in energy generation processes. These elements, as wel 
as the heavier components of the stellar mixture, such as neon, magnesium, iron, efc., 
play a role in the determination of the opacity of the stellar interior. Improved 
data on nuclear cross-sections, as well as on the continuous absorption coetticients 
at high temperatures, require that we seek the most accurate knowledge of the 


abundances of the elements in the stars. 


) 


2. THE OBSERVATIONAL DATA 


At this point, let us turn to the observational data themselves to examine the nature 


of the material with which we have to work. The data are 


| The Energy Distribution in the Continuous Spectrum 


The energy curves of early-type stars have been measured by a number of workers, 
among whom we may mention, especially, R. C. WiLuraMs (1938, 1939), K1TENLE and 
his associates (1940), and BARBIER and CHALONGE (1940), all of whom used photo 
graphic methods. More recently, Cope and WuHItFoRD (1954) have applied photo 
electric methods to this problem with great success. The accuracy of their 
observations presents a real challenge to the theory of model atmospheres. Measures 
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of J; include, also, data on the Balmer discontinuity, D, whose numerical value 
depends on the effective temperature, surface gravity, and hydrogen/helium ratio. 
Although the observed energy distribution may be affected by space absorption, the 
Balmer discontinuity cannot be and, hence, serves as a useful quantity that must be 


accurately represented by the theory. 


2) The Profile Ss and Equivale nit }] idths Oo] Stella) Absorption Lines 


The shapes and total intensities of absorption lines may be measured upon high 
dispersion spectra. Although useful information on the profiles of strong diffuse 
lines, such as those of hydrogen, may be obtained from plates of lower dispersion, the 
detailed study of the B and O stars. with relatively sharp lines, requires dispersions 
at least as high as 10 A per mm. 

Figs. 1, 2, and 3 show the spectrum of the bright B2-5 main sequence star, y Pegasi 
as photographed at Mount Wilson. Notice the strong hydrogen lines which show 
sharp cores except for the highest members of the series. The helium lines often 
also have broad wings with deep cores, although some, such as 23927, show very 
shallow profiles. The measured profiles of some of these lines are exhibited in 
Figs. 4 and 5 and may be compared with some of Miss UNDERHILL 'S results (1948a). 
In general. the equivalent widths of the weaker lines are comparable with the 


resolvins 


g powel of the spectrograph so that meaningful profiles cannot be derived, 
and we must be content with equivalent widths. 

The line identifications, marked on Figs 1. 2. and 3. are taken largely from the 
work of Miss UNDERHILL (1948b) for / 3970. Her identifications have been 
substantiated for nearly all of the stronger features by measurements of four or five 
of the best coudé plates. The weaker features are much more elusive. Many of the 
weak lines measured by Miss UNDERHILL could not be seen on the Mount Wilson 
plates on the other hand, I believe I have seen a fair number of weak lines not 
published in her list. Numerous faint lines have not been identified, while others 
arise from atoms whose abundance we would like to establish. Table 1 lists the lines 
measured upon four Mount Wilson coudé plates for the spectral region shortward of 
43970. The first column gives the measured wavelength: the third column the quality 
of the identification, A (certain), B (very likely), C (probable), and D (poor). The 
fourth column gives the suggested identification with the multiplet number from 
Miss Moore’ 1945) table. The second column, labelled Intensity’, requires some 
explanation. I decided to employ measured equivalent widths in units of mill 
Angstroms whenever possible. The stronger lines present no difficulty, but the 
weaker features are often badly confused by plate grain. In order to put these lines 
on the same scale as the stronger lines, I made the best estimate I could on the basis 
of the tracings. Nearly all lines weaker than 10 mA are marked with a (:) which 
signifies that the intensities are rough estimates. A line listed as 5 :, forexample, easily 
may have an equivalent width anywhere between | and 10! Yet, it has seemed 
better to distinguish between lines that scarcely seem to be detectable on tracings 
intensity ~ | or 2 and those that seem to be relatively well-established (~ 9 or 10). 
Our intensity scale, therefore, differs from conventional scales in its spread for the 
weaker lines which most writers might group together in classes called (0) or (00) 
[ might have arbitrarily called all lines falling between 5 and 10 (0) and those less 
than 5 (00), with no loss in accuracy. 


Measures of wavelengths and equivalent widths have been extended throughout 
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the spectral regions covered by our plates, and these results will be 


The equivalent widths and profiles agree tolerably well with those 


civen separately. 


published earlier, 


but the greater wealth of the present material and the more carefully checked 


photometric calibration make the newer values more trustworthy. 


| have chosen y Pegasi for more detailed illustration, because it is the star, for 


which the observations are most plentiful, cover the greatest spectral range and have 


been more fully worked up. It has been subjected to detailed study because of the 


richness of its spectrum, in spite of the fact that it is a variable of the 6 Canis Majoris 


type (McNAMARA, 


1953). 


Observations by STRUVE, as well as our own spectro- 


photometric measurements, show no change in the shapes or total intensities of the 


absorption lines. 
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Our present programme includes stars ranging from late O (10 Lacertae) to B5 
x Sculptoris; 3 Andromedae), but principal emphasis is being placed on objects 


between BO and B3., inclusive. The Mount Wilson material has been supplemented 


by observations supplied us by the McDonald, Perkins, and Dominion Astrophysical 


Observatories. The programme has been supported by a grant from the National 


Science Foundation. 
3. CURVES OF GROWTH FOR EARLY-TYPE STARS 
A number of investigators have discussed the atmospheres of early-type stars with 


the aid of curves of growth (UNsOLD, 1941: ALLER, 1946). This powerful tool for a 
first reconnaisance of stellar atmospheres is based on the approximation that the 


spectral lines are formed in an isothermal atmosphere at constant pressure. In 


supergiant stars where no sound theoretical basis for the construction of model 


stellar atmospheres exists, the curve of growth procedure remains the most effective 


means for the analysis of the observations. 

Fig. 6 shows the curve of growth for BrpELMAN’s helium star HD 160641 (BrpEet 
WAN, 1952). The theoretical curve and the notation are those of UNSOLD (1941 P The 
stronger lines appear to have a pronounced damping as a consequence of greater 
density in the line-forming layers than appears to exist in other stars of the same level 


of excitation. The chemical composition of the sta appears to be about the same as 


g. 6. f growt HD 160641 


that of y Pegasi (ALLER, 1949) or 10 Lacertae (ALLER, 1946), but with the hydrogen 
replaced by helium 

The difficulty with the curve of growth analysis is that it assumes that all parts 
of all lines are formed at the same temperature and density. Obviously, such an 
ipproximation is very poor if one wishes to compare, for example, the Sit and 


Si 1v lines in the spectrum of a star such as v Pegasi 


$, CONCERNING MODEI \TMOSPHERES 


Model atmospheres for high temperature stars have been calculated by many 
investigators RUDKJOBING 1947: ALLER, 1949 UNDERHILL, 1950, 195la: 
PECKER. 1950: NEVEN, 1952: Mib~nIGAN and ALLER. 1953. 1954: McDONALD, 1954: 


Sairo. 1954. For such computations it is necessary t 


assume a chemical composition 
and to know the coefficient of continuous absorption as a function of frequency. The 
simplest models are those of pure hydrogen. Except for the contribution of the 
free-free transitions. reliable calculations of the coefticient of continuous absorption 
te) hydrogen have been made (MENZEL and PEKERIS, 1935 

The real difficulty in the calculation of model atmospheres lies in our ignorance ot 


] 


the exact relation between t] 


e temperature and the optical depth in the star. In 


the early B-type stars no convection occurs unless a considerable proportion of helium 
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is present. That is, these atmospheres are in radiative equilibrium which implies 
that the flux is constant. Miss McDonaLp (1954) showed that this constancy of 
flux condition is a poor criterion for fixing the temperature distribution. The 
physical reasoning is easy to understand. The total flux at any point comprises 
contributions from many different strata embracing a large range in temperature. 
Hence, slight adjustments in the temperature distribution, which will have percep 
tible effects on the predicted line spectrum, may show no effect on the flux at all! 

In the models calculated by MILLIGAN and the writer (1953, 1954), a flux constant 
to within less than | per cent was obtained in four approximations. In these calcula 
tions we employed the optical depth at 25000 as the independent variable. We took 
into account the radiation pressure and tried to allow for the blanketing effect in 
accordance with a formula suggested by CHANDRASEKHAR (1936; see equation 52 
The blocking of the outgoing radiation by the hydrogen lines and Lyman continuum 
produces a steep temperature gradient near the surface of the star. Beyond optical 
depths greater than about 0-3, the temperature increases relatively slowly. 

Although the constancy of flux condition and the blanketing effect establish the 
expected trend of the temperature distribution, we must use the line spectrum to 
improve the latter. For example, in Y Pegasi we could use the lines of Si um, Sim 
and Sitv to establish the temperature distribution over a considerable range in 
optical depth. 

The hydrogen line profiles could also be used to improve the structure of the 
model atmosphere, provided we have an exact theory of the line broadening coefficient. 
We return to this topic in Section 5. 

The central intensities of the hydrogen lines do require a sharp temperature drop 
near the surface of the Bstars. The existence of a marked blanketing effect is strikingly 
shown, for example, in x Sculptoris, B5, where the lines of Fe tm and Ti 1 (which 
we usually associate with stars of spectral class AO and later) are prominent. In the 
same spectrum are strong lines of helium, and lines of N tand O 11 which we produced 
in the deeper layers of the atmosphere. 

Recent calculations by J. KE. MILLIGAN show that the STROMGREN-method weighting 
function for the evaluation of the flux may give errors as large as 10 per cent in the 
neighbourhood of the Balmer discontinuity. The effect of using the STROMGREN 
approximations on the constancy of flux condition remains to be tested. 

With a view to possible applications to helium stars such as HD 124448 (PopPeEr, 
1947) and HD 160641, as well as to certain of the very blue stars observed in globular 
clusters we have initiated the calculation of model atmospheres for pure helium stars 
The coefficients of continuous absorption for neutral helium are not as accurately 
known as for hydrogen. The inaccuracies are particularly serious for the observable 
spectral regions. The theoretical difficulties are considerably greater than for pure 
hydrogen atmospheres since helium can exist in two stages of ionization. In a star 
with an effective temperature near 30,000 K most of the helium is singly ionized in 
the outermost layers which are in radiative equilibrium. With increasing depth in the 
star, helium becomes doubly ionized, and a transition to a convection zone occurs 
quickly. Within a short distance the energy transport switches from radiative 
transfer to convective transport. The final model can be reached only on the basis of 
successive approximations; one must consider, for example, the influence of the 
partition functions for neutral and ionized helium upon the degree of ionization. 


Nevertheless, the continuous energy distributions seem capable of more or less 


{ 
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precise prediction. They differ appreciably from those computed for pure hydrogen 
atn ospheres, there being no Balmer discontinuity, and would appear to give at 
least a qualitative explanation for some of the apparently abnormal colour relations 
found by H. C. Arp and HaroLp JOHNSON in certain blue stars of globular clusters. 


Observational checks of theoretical helium atmospheres are less easy to make 


pecause of the limited observational material at present available. 


5. EXPERIMENTAL STUDIES ON LINE BROADENING 


The ultimate objective of the construction of model atmospheres is the calculation 
of actual abundances from the profiles and total intensities of spectral lines. Given 
the temperature and density distribution in the atmosphere and the mechanism of 
line formation, we can calculate the theoretical profile and total intensity of the line 
if we know the strength or f-value and the line broadening coefficient. 

For most elements we can measure only the equivalent widths, but for the hydrogen 
and helium lines the profiles may be measured as well. Hence, the observed line 
shapes carry Important clues to the structure of the atmosphere provided we can 
Interpret them. Turbulence and rotation affect the shapes of all lines, whereas the 
interatomic linear Stark Effect influences only those of hydrogen and helium. 

Fortunately. the broadening of the hydrogen lines can be studied in the laboratory 
under controlled conditions. An important part of our programme on the structure 
and chemical compositions of the atmospheres of early-type stars is the accurate 
measurement of the coefticients of line absorption for the Blamer lines with the aid of 


gas of low molecular weight such as hydrogen or helium 


the luminous shock tube A 
is confined at a high density behind a membrane while the rest of the tube contains at 


gas such as xenon or argon with which a small amount of 


low density a heavier g 
hydrogen is mixed. The membrane is ruptured, the dense gas expands as a faintly 
luminous shock wave rushes down the tube. When this shock wave strikes the wall 
at the far end of the tube and is reflected. the temperature of the gas is raised to values 
ot the order of 10,000—-20,000 °K, depending on the Mach number of the shock wave. 
and the gas becomes intensely luminous. EUGENE TURNER and ALAN KOLB have 
made a careful quantitative study of this phenomenon with the aid of a spectrograph 
and a revoly ing drum camera. Their time-resolved spectra show that the hydrogen 
lines behind the reflected shock are broadened by an amount that can be accurately 
measured with a good spectrograph. Later. as two or more shock waves interact. 
the broadening increases but the lines finally narrow down as the excitation dies 
away. 

The importance of the shock tube as a tool for astrophysical research lies in the 
circumstance that the shock-tube equations permit the calculation of the temperature 
and density as a function of position and time. It is possible to allow for the effects 
of excitation and ionization upon the temperature and density. 

TURNER and Kos found that the widths and shapes of the hydrogen lines did not 
agree with the predictions of the HOLTSMARK Theory. The work of JURGENS (1952) 
at Kiel, on the other hand, appeared to support the HOLTSMARK Theory. The Kiel 
experiments involved a stabilized whirling stream of water in a tube along whose 
axis an electric arc was struck. Hydrogen and oxygen lines are observed with great 
strength. The temperature and density are established from the character of the 
observed spectrum in the Kiel work, whereas in the shock tube work the temperature 


and pressure are found from hydrodynamical considerations. The most recent work 
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at Kiel indicates that for certain domains of temperature and density, at least, the 
Holtsmark Theory does not hold. 

KOLB (1954) has made a detailed study of the line broadening in hydrogen. The 
HoLTSMARK (1919) statistical theory ignores the motions of the perturbing particles, 
a neglect which can be important at high temperatures. It is not valid near the line 
core (SPITZER, 1940), nor in the far wings which are sensitive to close encounters. 
For short-range interactions, the electric field becomes inhomogeneous. The theory 
over-estimates the effect of large electric fields caused by close encounters since it 
assumes that the ions are distributed completely at random (OpGERsS, 1952; CHAN 
DRASEKHAR, 1943). It neglects the broadening by electrons but Kiven (1954) 
has shown that this is probably not a serious error, since the Holtsmark broadening 
by ions is about ten times larger than that by electrons at an ion density of 
101 per em?, 

Near the line core the more distant collisions become important and here the so 
called collision damping theories are applicable (SprrzeR, 1940). Because of the 
long range of the Coulomb forces in the first-order Stark Effect, it is necessary to 
include not just single encounters but the effects of two or more perturbing particles 
acting at once. For the region of the line core, and the first order Stark Effect. 


Kos finds the following expression for the intensity distribution in the spectral line 


») 


A.(m) 


) 


Here ~ is the circular frequency, 277, while 


where .V, is the ionic density, m the mass of the electron, / Planck’s constant, 
Z | for hydrogen and 2 for ionized helium. Here Z, refers to particular pairs of 
Stark components as computed for Hy, for example, by Miss UNDERHILL (1951b). 
The @ refers to the velocity of the perturber, is the exponent in the force law, while 


dz sin Z 


Fin) : ; 
Z Z 


is an integral which has been tabulated by CHANDRASEKHAR (1948). F(n) diverges 
for n 2? but Ko.e and TuRNER find an effective value of » somewhat greater than 2. 
That is. for the first-order Stark Effect, the force law varies not as r~* but at a 
slightly steeper rate because the contribution of the more remote and oppositely 
charged electrons and ions tend to cancel out. 

A comparison of 4,(m) and HoLtrsMark’s I(/)*, with both functions normalized 
shows that the former is shallower in the core and more extended in the wings than 
is the latter. Furthermore, the frequency distribution in the core of Hy and the size 
of the splitting of Hf are explained to within the experimental error. 


* The function Ws) is tabulated by VERWELI (L936 


The quantitative chemical analysis of early-type stars 


The shapes of the line absorption coefficients can be determined throughout the 
entire frequency range of the line by experimental methods. LoweLL DOHERTY, in 
collaboration with TURNER and Ko rs, is carrying out such measures for the principal 
lines of the Balmer series over a range of temperature and density of astrophysical 
interest. 

Kos has pointed out that the confluence of the Balmer lines will depend on line 
broadening effects operating near the line core—not in the wings. Hence the 
INGLIS-TELLER (1940) formula will have to be modified. The numerical constant 
will depend on F(x) which must be established empirically, and the resultant 
formula for the ion density will involve the temperature. 

Detailed applications of the shock-tube results to the calculation of the profiles 
of Hx and other Balmer lines must await improved experimental data and accurate 
line profiles. With the new line broadening data, the hydrogen lines can then be 
used as tools for the improvement of model stellar atmospheres, especially for 
introducing the small corrections to the temperature distribution that are necessary 
for the interpretation of the line intensities. Unfortunately, the broadening of the 
helium lines cannot yet be studied in our laboratory, although appropriate experi 
ments may be devised eventually. 

At the moment, it is not possible to answer such questions as the hydrogen 
helium ratios in the hotter stars since the result will depend critically upon the 
broadening mechanisms and upon the structure of the atmosphere. If the experi 
mental possibilities are carefully exploited it will be possible to obtain data, not only 
on the line broadening, but also on f-values for atoms such as argon or neon as well. 
The stars are so complex that we cannot afford to neglect any experimental technique 
that promises to pro\ ide us with necessary basic physical data. 

To summarize, our programme on the analysis of the hotter stars consists, on the 
one hand, of the assemblage of the best observational data on the line profiles and 
intensities, and on the other, of the interpretation of these data with the best 
theoretical methods we can devise, aided whenever possible* by direct experimental 
work, 

| am grateful to Messrs. Ko_B and TURNER who communicated their results to me 
in advance of publication. I secured the observational data in 1952 while working 
as a guest investigator at the Mt. Wilson Observatory. Mr. JAMES MILLIGAN made 
the microphotometer tracings. Special thanks are due to Mr. Jun JuGaku for his 
assistance in the preparation of Table | and the measurement of the line profiles on 


the tracings. 
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The Technique and Possibilities of Astronomical Spectrophotometry 


SUMMARY 


JESSE L. GREENSTEIN 


Mount Wilson and Palomar Observatories, 
Carnegie Institution of Washington, 
California Institute of Technology, 

Pasadena, California, U.S.A. 


The present capabilities of photographic spectrophotometry are reviewed: with large reflectors and 


modern optics accurate work on all naked-eye stars 1s possible. Photo-electric spectral scanning 1s best 


suited for low-resolution; 


image intensification will be needed to avoid losses due to scanning. The 


technique for theoretical analysis of spectra for the abundances of the elements is briefly discussed. 
The ability to observe very faint stars with moderately high dispersion at Palomar has opened several 
new fields of research, especially in the study of the white dwarfs. New results include line profiles as 
affected by Stark and pressure broadening, and the existence of shells of low-pressure gas around several 


helium-rich and low-temperature white dwarfs. 


THE wavelengths and intensities of spectral lines provide us with a major part of 


our information concerning the nature of the stellar universe. Precise wavelengths, 


with accuracies of one part in a million, are readily obtainable. Line profiles, and 


equivalent widths, however, are seldom determined with an accuracy of even 5 per 


cent. Photography of a spectrum offers the enormous advantage of simultaneous 


accurate recording of the positions of the lines. The complex and very non-linear 


tometry 


nature of the response of the photographic plate, however, makes spectrophotometry 
. difficult and time-consuming observational task. I wish to deseribe some of the 
possibilities now open in the measurement of line profiles with modern telescopes and 
analysing equipment, since it seems improbable that any other technique will permit 


detailed quantitative chemical analysis of stellaa atmospheres. 


|. PHOTOGRAPHIC SPECTROPHOTOMETRY 


Stellar photographic spectroscopy is usually carried out from about 3100 A to 
9000 A: extension to 12.000 A, although possible, is difficult because of low plate 


sensitivity. Desirable characteristies of high speed, moderate grain, good contrast, 


no = 
N _ f ” A A 
+tad ri SOLAR ATLAS ~A|~ r ¥ Ala 
I A Py N 
hr V 
iW pa ial |} ape 
uN) 4 | ‘y aa 
! <i | | “f 
' ry 
; , | 
! 
N ' | 
ws a \ | 
Mel Uy ! \ 
| : 
| | | 
“ ! 
y 
V 
4" CAMERA /\ ; A kav. ark 1 
e| ff | i A < 
\ 2 Y 
yy} 
x ’ * ! 
z y : 
et ’ ‘. - y 
* ' ‘ 4 
' 
L \ ? 
Fig | s j } } 
/ ! 2-8 A ! 1 tla-O lé s " 1 ti 
g M \\ 0) | | tensit 


and small reciprocity failure limit one pretty much to the region from 3500 A to 
7000 A, (An excellent booklet on the properties of spectroscopic emulsions is available 
from the Eastman Kodak Research Laboratory Klsewhere in this book, I. 8. 
BoweEN (Vol. 1, p. 400) and T. DuNHAM (Vol. 2, p. 1223) describe the theory of the 
speed ot spectrographs and the veneral pattern of the large modern astronomical 
spectrograph—the grating, coudé type with mirror optics, and Schmidt cameras. At 
Mount Wilson and at Palomar, such large-aperture mirror optics provide high speed 
and many different dispersions from 2 to 38 A per mm: the magnitude limits for 
those dispersions at Palomar, with convenient exposures, are respectively 7 mag. 
and 15 mag. The resolution obtainable is usually limited by the photographic 
plate, and at high dispersion by the intrinsic width of spectral lines caused by 
thermal, turbulent, and rotational velocities. As an example of what can be done in 


stellar spectrophotometry, Fig. | shows part of the solar spectrum from the Utrecht 
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Photometric Atlas of the Solar Spectrum taken on fine-grain, high-contrast plates at 
very high dispersion at the Mount Wilson solar tower. Compare this with the lower 
tracing of a sky spectrum from the 100-in. coudé, 2-8 A per mm dispersion, with 
fast Ila—O plates, taken under the identical conditions which permit spectrophoto 
metry down to the sixth magnitude stars. Weak lines are lost, and pairs closet 
than 0-10 A become blended; while it is clear that the stellar spectrogram is inferior, 
it is by only a small factor. The rotation and turbulence in the Sun produce half 
widths of about 30 mA (milliangstroms) each, and the plate grain is about 60 mA. 
In early type stars where rotation, turbulence, and other line broadening mechanisms 
occur, stellar lines are far wider than the instrumental profile. The resolving power, 
as such, is important mainly in solar problems. 

Tracings on a direct-intensity scale, such as are shown in Fig. 1, can now be made 
on a direct-intensity microphotometer such as that designed by Horace W. Bascock. 
A view of part of this instrument is shown in Fig. 2. Photomultipliers supply an 
alternating current signal unless the chopped light passing via two separate optical 
trains through calibration and spectrum is equal. Based on the degree of unbalance, 
a servo-motor rapidly drives a photographic calibration wedge (shown on the 
carriage) so as to equalize the density on the wedge with that on the spectrum. As 
it does so a pen, coupled to the wedge, traces the intensity profile on paper whose 
motion is coupled with suitable magnification to that of the plate. The photo 
graphic wedge is made in a calibrating spectrograph provided with a triangular slit; 
it therefore gives intensity proportional to distance from its tip. The deflection of 
the pen and wedge from a zero mark is proportional to the intensity of the starlight 
at that wavelength. The microphotometer is quite linear, and extremely rapid in 
operation; about 4mm of plate (11 A) can be traced in a minute, on a scale identical 
with that of the Utrecht Atlas. Such an instrument is a necessity for the analysis of 
complex spectra; a G-type star will have 5000 measurable lines, and a minimum of 
400 are needed if a quantitative analysis for metals is to be carried out. Point-by 
point transformation from a photographic density recording microphotometer to an 
intensity scale is impossibly slow. 

Spectrophotometry requires the many precautions for monochromatic photometry 
in the preparation and development of the wedge and the stellar spectrum under 
nearly identical conditions of exposure time and development. My own experience 
is that a total range of measured equivalent widths of 20 per cent between several 
plates is common; a large part of this error arises from uncertainties in drawing the 
continuous background, and from correction for slight variations in blending, rather 
than from purely photometric causes. With available equipment and techniques, 
measurements could be made at 2 A per mm, down to 7™5, 7.e. on about 20,000 stars ! 
Most of the known interesting types of stars and nebulae can be, and have been, 
studied at high dispersion (ALLER, 1946, 1949, 1954; GREENSTEIN, 1942a, 1948, 
1949; Wricut, 1948, 1950; Grarron, 1954; Witson, 1948, 1954). Obvious excep 
tions, such as white dwarfs and extragalactic nebulae, will be discussed later. 


2, ELECTRONIC TECHNIQUES 


The fundamental difficulty and low accuracy of the photographic process, however, 
may suggest that we should use direct photo-electric scanning of stellar spectra. 
For low dispersion, or for multi-channel narrow-band photometry of continuous or 


band spectra, there is little doubt that such techniques will soon become important 
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(WairrorbD and Cope, 1953; StROMGREN, 1953). The essential objection to photo 
electric scanning of a spectrum is that at any instant we throw all light except that 
passing through a narrow analysing slit. The photographic plate is active over its 
entire wavelength range at once, and in spite of low quantum efficiency will therefore 
remain useful for high dispersion. Even at high dispersion, photo-electric scanning 
may be desirable for a few bright stars, to establish fundamental standards of equi 
valent width for photographic interpolation, since accuracy of } per cent from a 
single observation is possible photo electrically. 

The inefficiency of spectral scanning is, however, very serious. If a line of intrinsic 
width about 100 mA is to be traced, we should have at least five “picture elements” 
i.€, the analysing slit should be 20 mA wide. The normal photographic magnitude 
of a star involves response to about 1000 A of spectrum, so that only 2 1O-° of 
the light goes through the slit at a given instant. In addition. to cover the wavelengsth 
region normally photographed on one plate (also about 1000 A) requires scanning 
50,000 slit widths. There is thus a total loss of 2:5 10°, 7.e. 23-5 magnitudes. plus 
spectrograph losses as compared to direct exposure of the photocell with out filter to 
the light of a given star. (The limiting factor is then actually the statistical fluctua 
tion of rate of arrival of quanta within the narrow spectral band.) Low resolution 
favours photo-electric scanning since the inefficiency varies as the square of the 
resolution. 

For solar problems, where the luminous flux is large, spectral scanning is very 
profitable. It has till now been used mainly in the infra-red, where the photographic 
plates are poor. The Michigan Atlas of the Solar Spectrum is made with PbS, and is 
being extend with PbSe photo-conductive cells. Very high resolution studies of solar 
lines for the Zeeman effect of magnetic fields have been made by several investigators 
(THIESSEN, BaBcock). One major difficulty of scanning stellar spectra, the need for 
compensation for seeing, is absent from the solar problems. 

Non-scan techniques are more promising. Consider as a specific example, the 
need for intensities of a single sharp line, such as interstellar K, to be measured 
accurately in faint stars. If a two-channel photometer compares the light within, 
say, .V angstroms of neighbouring continuum with that within .V angstroms centred 
on A, with photo-electric accuracy of 0-5 per cent, the equivalent width will be 
determined within 0-5.V per cent. For 5 per cent accuracy, V can be 10 A. Now we 
are using 10-2 of the total light, the loss is only 5 magnitudes, plus losses in the 
spectrograph, as compared to direct observation of the total light of the star. Much 
greater progress in electronic spectroscopy will be made if high-resolution, low-noise 
image-orthicon tubes become available, or if image-intensification by electron 


acceleration tubes is perfected. 


3. THEORETICAL ANALYSIS 
The theory of stellar atmospheres and the quantitative analysis of stellar spectra are 
treated elsewhere in detail (WOOLLEY and Stripes, 1953; CHANDRASEKHAR, 1950; 
UNsOLD, 1948a, 1948b; CrLaas, 1951). In brief, we need the effective temperature, 
mass, and radius of a star to obtain a model of its atmosphere, 7.e. the temperature, 
gas and electron pressures in the outer layers where the lines are formed. In addition, 
we need the atomic transition probabilities (f-values, [’,,) and collisional cross- 
) for the shape of the line-absorption coefficient. The source and 


sections (1°. 


theory of the continuous absorpt ion (H, H~-, He, electrons) is now fairly well known 
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except in banded stars (CHANDRASEKHAR, 1945, 1946; GREENSTEIN, 1942b; UNDER- 
HILL, 1950; VirENSE, 1951). There are still other line-broadening processes which 
affect line intensities and profiles, for example, turbulence and prominence motion 
HvanG and Struve, 1952, 1953), Stark and Zeeman effects, rotation, etc. But we 


may view these effects as additional means of studying the physics of stellar atmo- 


spheres and of detecting other than thermal effects and processes. With a model 
} 


which gives the distribution with optical depth of the line-absorption coefficient at a 
certain wavelength for a given line, it is then necessary to use the theory of radiative 
transfer to determine the reduction in emergent flux produced at that wavelength. 
This exact integration through the atmosphere of a star is difficult in the general case, 
but approximations are available. 

The first analyses of stellar composition were made by assuming a “homogeneous 
atmosphere’, 7.¢. one in which a properly chosen mean temperature and pressure 
were used to represent the level of ionization, excitation, and pressure or Stark 
broadening. It was early realized that this is only a rough approximation, and that 
the effects of integration through the atmosphere were large, especially in lines of 
high excitation potential (GREENSTEIN, 1940), or in the wings of pressure-broadened 
lines. “Weighting functions” which allow for such stratification in an adopted model 
atmosphere are discussed by UNSOLD (1938, Chapter XII; 1948), STROMGREN (1940) 
and by recent workers (DE JAGER, 1952; PECKER, 1951). Neglecting the theoretical 
complications and given sufficient physical data we can ideally determine the con 
centration of a given element from the line profiles. Conversely, the line profiles and 
curves of growth, have revealed, in addition to stellar elemental abundances, the 
existence of a wide variety of new phenomena in normal and peculiar stars. 

Differential abundance determinations have the oreatest accuracy, since many ot 
the theoretical difficulties disappear, and our ignorance of f-values has no effect. 
Thus GRATTON (1954) finds a total spread of only 25 per cent in the relative abun 
dances of the metals in five K giants. Absolute abundances are poor in many Cases, 
since the transition probabilities are so poorly known. (For a recent review, see 
GREENSTEIN, 1954.) The published abundance analyses using the elementary, 
homogeneous model of stellar atmospheres will need revision with more detailed 
models including stratification. (See, for example, UNDERHILL (1951) and NEVEN 
(1952), for the redetermination of the H He ratio.) 


4. New RESULTS ON Farntr STARS 

| have till now described the standard techniques and results of high dispersion 
analysis. ( ertain classes ot objects have ho bright members: the brightest accessible 
white dwarf is 9"6, for example, and the brightest high-temperature subdwarf is 11™ 
Extragalactic nebulae are difficult because of their low surface brightness. Since for 
such objects only the most powerful equipment can be used, I would like to conclude 
with some highlights of the results obtained during the last year with the 200-in. 
Hale reflector and the coudé spectrograph. The spectrophotometric studies were 
supported in part by the Office of Naval Research. Very exciting new possibilities 
exist in the study of faint stars. The effective limit for spectrophotometry with the 
38 A per mm dispersion is about 14™5: with the IS A per mm about 13™, 

Among the most interesting objects thus made accessible are the white dwarfs, 
and Fig. 3 shows spectrophotometric line profiles in three different types of white 
dwarts. These previously had been observed only with very low dispersion (KUIPER, 
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1941), and interesting new features now appear. Till now there have been no 
theoretical model atmospheres computed for such stars, and | wish to point out some 
problems for future discussions. The star 40 Eri B is the prototype of the normal 
white dwarf, with strong broad, hydrogen lines. The star (Humason-Zwicky) HZ 43 
had previously been thought to have a continuous spectrum, and although I can see 
no lines on the plate, the photometry shows the existence of very shallow, broad 
hydrogen. The star (Luyten) L 532-81 shows strong and surprisingly narrow lines. 
The weakness of lines in HZ 43 can be a consequence of either very high temperature 
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Fig. 3. Line profiles in three different type f white dwarfs, obtained with the 200-in 
Hale reflector coudé spectrograph, 38 A per mm. The abscissa gives distance from the 


centre of the line in angstrom units, and the ordinates give the depths of the line, in 


pel 


and pressure, or low H/ He ratio. The sharp lines in L 532-81 require an unexpectedly 
low surface gravity for a white dwarf of WV «& 12. It is not at all clear how an 
underluminous star can have so low a surface gravity. The low mass required, from 
the mass-radius relation for degenerate stars (CHANDRASEKHAR, 1939), suggests an 
initial low luminosity, and the question is why L 532-81 evolved into a white dwarf, 
unless it is extremely old, or was initially poorly supplied with energy sources. 

») 


Ms 14, is shown in Fig. 4. Kureer (1941) had already pointed out that V Ma 2 


An extraordinary feature of the spectrum of the cooler white dwarf, Van Maanen 


lacked hydrogen lines and showed some metallic lines in the ultra-violet. The mean of 
three direct-intensity tracings of ultra-violet spectra of this thirteenth magnitude star 
shows the extraordinary broadening of some strong Fe 1 lines. The normally strong 
lines of Fe t, like 44045 and 44383 are absent, as is Cat, 44226. The ultra-violet 
lines come from excitation potentials of 0-0 V and 0-9 V and the upper levels, at 
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3-45 V are apparently almost completely wiped out by collisions at the high 
pressure in the atmosphere (which may be roughly estimated at 107—1L0* bar). Even 
though the instrumental resolution is about 0-8 A, groups of lines are observed 
blended over 30 A, and in some cases wings stretch 50 A. There is no theory of the 
pressure broadening of Fei: it is obvious that a new astrophysical problem is 
opened by the possibility of observing spectroscopic phenomena under such extreme 
conditions 

\ problem which may be more susceptible to theoretical treatment is the pressure 
broadening of neutral helium lines in helium-rich white dwarfs and subdwarfs. 
Such objects have only recently been known, since LUYTEN (1952) announced the 
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two helium stars L 930-80 and L 1573-31. I have now observed their spectra at 
38 A per mm, and Fig. 5 gives some preliminary line profiles. These stars show no 
hvdrogen lines, either by inspection or on the tracings, and therefore presumably 
represent one end state of stellar evolution, the complete exhaustion of hvdrogen 
even to the surface lavers. Note the wide variety of line profiles of He 1, depending 
on the spectroscopic terms involved. Part of this may be rotation but more probably 
it is a straightforward pressure effect in the white-dwarf reversing layer. But some 
of the profiles show, in addition, unexpectedly sharp cores, and asymmetry in the 
lines arising from lower levels 2!S, 28S, and 2°P®. All these levels are metastable and 
it is known that such sharp lines arise in extended envelopes surrounding unstable 
Be stars. The line £3888, 23S—2°P°, which is extremely metastable, has even been 
observed in absorption in the Orion nebula (WiLson, 1940). Thus we have the 
unexpected new phenomenon of a shell around a white dwarf; the reality of this 
interpretation is confirmed by changes in the velocity and strength of the core of 
43888 in L 1573-31. The underlying Her, 43888, produced in the high-pressure 
reversing layer is extremely broad. But £3888 has in addition a core displaced at a 
velocity of 300 km per sec. It should be remembered that the velocity of escape 
from a white dwarf is of the order of 2000-6000 km per sec.: the forces responsible 


for the ejection of helium from L 1573-31 are not known. I have found at least two 
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more new helium-rich faint stars, probably white dwarfs, with similar shell phenomena 
in A3888. 

For those helium lines unaffected by shell phenomena, it is to be hoped that 
theoretical analysis will predict line profiles as a function of surface gravity, so that 
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Fig. 5. The line profiles (on Ist August, 1953) in the helium rich white dwarf, L. 1573-51 
Note the enormous strength of these lines, the broad and often asymmetru al wings, and the 
relatively sharp cores. For comparison I give the He 1 line £4471 in a helium-rich subdwart 
HZ 44. The vertical blocks show the wavelengths of measured “cores in some of the 
metastable lines. Note also the change in the line profiles of A3889 from two_ plate 
separated by six weeks 


such observations can be used to obtain information on the masses of these unusual 
objects. 
). CONCLUSION 

Electronic techniques at high dispersion will be most useful for studies of single 
lines, and for the fundamental calibration of photographic line intensities. Scanning, 
already used for the Sun and some bright stars, has important potentialities, at low 
dispersion, for accurate multi-colour photometry of the properties of the continuous 
spectrum. As examples, the stellar temperature scale, the variation of colour 
temperature with wavelength, the Balmer jump, and the band absorption can all be 
measured more accurately by electronic than by photographic techniques. 

Photographic spectrophotometry seems likely to remain dominant in those 
quantitative studies of stellar atmospheres where line profiles and intensities are 


needed. Middle and high-dispersion spectroscopy, now capable of reaching faint 


technique and possibilities of astronomical spectrophotometry 


stars, will continue to reveal new and unexpected physical processes in the outer 


layers of the stars. Studies of objects of low luminosity and peculiar spectra, should 


sive new clues on the relation between stellar composition and evolution. 
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STRATTON’S Astronomical Physics was published in 1925. Chapter VI dealt with 
“Stellar Radiation” and included an account (Section 35) of the determination of 
stellar “temperatures”. On re-reading this now one cannot help being struck with 
the expansion of knowledge which has taken place since 1925. The present article 
aims at sketching the developments and at summarizing the present state of know- 
ledge in this particular field. 


|. THE POSITION IN 1925 

The position in 1925 was that the whole subject was dominated by the belief that 
the radiation emitted by a star was distributed in wavelength roughly according to 
Planck’s black-body formula. This belief is now known to be erroneous, and it is 
somewhat astonishing that it should have been held as widely as it was, since an 
observational fact was available which is conclusively fatal to it. The ‘Balmer 
Discontinuity’ has now become an astrophysical commonplace; it consists, in 
essence, of a change in the intensity of the radiation emitted by a star as we pass from 
a wavelength immediately longer than that of the Balmer series limit (3646 A) to a 
wavelength immediately shorter than that of the limit. The light intensity at 
3646— is usually greater than that at 3646— and spectrophotometric measures of 
the discontinuity are generally expressed in the form 


D = logy, (L,.,/#,_), 


where £;, and #£;_ denote the emitted energies radiated at wavelengths immediately 
greater and less than the wavelength 4 (3646 A) of the discontinuity. Measures of D, 
obtained at Jungfraujoch, have been given by BARBIER and CHALONGE (1941), and 
by CHALONGE and Divan (1952), and the results show that D varies with spectral 
type, as was to be expected, and that for some stars the discontinuity is so large as to 
rule out any idea of the spectral energy distribution being represented by the black- 
body formula. For main sequence stars of type AO we have D = 0-49, so that £,, is 
just over three times #,_. One need only try to make a rough sketch of the spectral 
energy distribution under these conditions to realize that a black-body distribution 
cannot be regarded as even a very rough approximation to the truth. 

The Jungfraujoch measures were commenced in the 1930's and they had been 
preceded by the work of Yt (1926), but the existence of a large discontinuity for 
some stars should have been realized in 1925, since Sir William and Lady Huaerns 
had noted its existence as long ago as 1899. But this aspect of their work seems to 
have been forgotten, and Strarron’s book was published at a time when black- 
body distribution for stellar radiation was held almost as an article of faith. There 
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the first place it was known in 1925 that for the great majority of stars, and for 


was, however, considerable excuse for this. both observational and theoretical. 
considerable ranges of wavelength, the plot, for any pair of stars, of log (#,/E,’) 
igainst 1 4 was approximately linear, where #, and EF,’ denote the emitted light- 
Huxes at wavelength 4. For restricted wavelength ranges this approximate linearity 


{ 4 
LA 


isa property ot black hody distribution and. pro\y ided one is prepared to ignore the 

that this empirical result is bound to break down as soon as the range of measured 
wavelengths includes the Balmer series limit, it is very tempting to commit the logical 
fallacy of assuming tl 


, e converse and deducing black body distribution. Actually, 
is we now know, not only does the result just quoted cease to be true when the Balmer 
series limit is included in the measured range, but the value of d log (£,/F,')/d(1/A) 
obtained from measures wholly below the limit in wavelength can be quite different 
from the value from measures wholly above the limit. Further, it is now known that 
for stars of solar and later types the linear plot does not even hold for the whole 
visual range, but only for wavelengths between about 4500 A and 7000 A. But this 
was not realized in 1925. What was known then was that the result quoted was 
observationally true for limited wavelength ranges in the visual spectrum, and a 
fallacious deduction was, not altogether unnaturally, drawn by ignoring the 
limitations 

Further, there seemed to be some theoretical justification for black body distribu 
tion. LINDBLAD (1920) and MILNE (1922) had independently developed the theory 


of the radiat 


ve equilibrium of stellar atmospheres, the foundations of which had 
been laid by ScHUSTER and SCHWARZSCHILD: and MILNE, basing his development 
on the hypothesis of radiative transfer, and on the hypothesis that the assumption 
of what is known as local thermodynamic equilibrium would provide a good approxi 
mation, had worked out the theory on the further assumption that the stellar absorp 
tion cross-section did not vary with wavelength in the outer lavers of a star. He 
showed that this assumption, when added to the two fundamental hypotheses, led 
to calculated values of the Sun’s centre-limb contrast which were in reasonable 
ireement with the observational data then available. and further. that it led to the 
conclusion that the stars radiated very much like black-bodies. It was true that the 
same assumption predicts a Balmer discontinuity of zero, but, as has been stated, 
the awkward fact presented by the existence of the discontinuity was conveniently 
ignored. The conclusion that the stars radiated like black-bodies meant that at all 
wavelengths the colour and brightness temperatures would not differ much from the 
effective temperature (for definitions of these see below). and it also seemed from the 
theory that the effective temperature would roughly represent the actual average 
physical temperature in the reversing laver. As regards the latter FOWLER and 
MILNE (1923, 1924) had shown how the reversing layer temperatures could be inferred 
for the various spectral types (on reasonable assumptions as regards the electron 
pressure) from the observed types at which certain spectral lines were at maximum 
strength. In short, a coherent theory was available which predicted that stars 
radiated very much like biack-bodies, and which (approximately) identified the 
ionization temperature of FOWLER and MILNE with the colour and effective tempera 
tures. Accordingly all these “temperatures” were often referred to simply as “the 
temperature of a star. and on page 74 of Astronomical Physics we find ionization 
temperatures included in a table of what are in essence colour temperatures derived 


from measurements of spectral distribution. 
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2, SPECTROPHOTOMETRIC NOMENCLATURE 
So much for the general position in 1925. As a preliminary to describing the 
subsequent developments we must introduce at this stage some definitions which 
have come to be generally accepted by spectrophotometric workers. Denoting as 
before by F, the light flux emitted at a stellar surface at wavelength /, the colour 
temperature T'., at wavelength / is defined as the temperature to which a black-body 
must be raised so as to make the quantity d(log, L,)/d/ for the star the same as the 
corresponding quantity for the black-body. What is measured by applying spectro- 
photometric technique is the quantity d(log, /,)/d2, where J, 


, Is the light flux received 
on the Earth, but for the nearer stars for which selective obscuration by interstellar 
matter can be ignored we have d(log, F,)/d2 = d(log, /,)/dA provided, of course, that 
the latter quantity has been corrected for the effect of atmospheric extinction. 

The brightness temperature T,, of astar at wavelength / is defined as the ‘emperature 
to which a black-body must be raised to make HL, the same for the star and the 
black-body, /; being, as before, the surface emission (ergs per second per angstrom 
per square centimetre of surface). The brightness temperature of a star can only be 
measured if its angular diameter be known since the determination of it involves the 
determination of emission per unit area of surface. 

The effective temperature T, of a star is defined as the temperature to which a 
black-body has to be raised so as to make the fofal radiation, integrated over all 
wavelengths, per unit area of surface, the same for the star and black-body. Since 
all wavelengths are not accessible to observation (the Earth’s atmosphere cuts out 
radiation with 4 3100 A) the effective temperature of a star is not a measurable 
quantity. It appears, however, as a convenient parameter in theoretical investigations. 

For a black-body radiator, and only for a black-body radiator, 7',, and 7',, are the 
same at all wavelengths, each being then equal to 7', and to the temperature of the 
black-body. For a star 7’,, will obviously change discontinuously at the Balmer 
series limit, and spectrophotometric measurement has shown that 7’,, can also change 
abruptly at the limit. For stars of early type 7’,, seems to vary very slowly, if at all, 
throughout the spectral range 4000 A to 7000 A. For stars of later type 7’, is 
approximately constant over the range 4500 A to 7000 A and seems to be materially 
lower for smaller wavelengths. 

The measurement of colour temperature 7',, and brightness temperature as 
involve the spectrophotometric comparison of a star with a standardized laboratory 
source of light; atmospheric transmissions have to be determined, a process which 
involves some inevitable error of measurement. But there is a quantity relating to 
two stars which does not involve the measurement of atmospheric transmissions, and 
which is thus suceptible to measurement with a higher accuracy. This quantity is 
the difference of spectrophotometric gradient between the two stars and is defined by 
the equation 

d 
AG; Gi,’ up . low: CF,/ 5), 
d(1/A) 
where /; and /;’ denote, as before, the light fluxes received from the two stars. AG; 


can be measured by a spectrophotometric comparison, the two stars being observed 


at equal angular altitudes above the horizon so as to eliminate atmospheric trans- 


mission. It usually happens that AG, varies but slowly with A (provided we do not 
cross the Balmer series limit) and it is convenient to measure it by measuring 
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log, (J; /;') at wavelengths (appertaining to the continuous spectrum) covering quite 
a considerable range and obtaining the straight line of best fit for these measures 
when plotted against 14. The value for AG; so obtained may then be taken as 
ippertaining to the (harmonic) mean wavelength of the range used. 

The above equation only defines differences of gradient and to complete the 
definition a zero point has to be assigned. This can be conveniently done by adjusting 
t so that zero gradient corresponds to the mean of the nearer (i.¢. not space-reddened) 
AQ stars. It will be noticed that a gradient is of the dimensions of a length, and it is 
usually given in microns: this gives convenient numbers. 

It is easy to see that the measurement of the difference of gradient between two 
near) stars gives us a relation between their colour temperatures (although the 
colour temperature of either can only, as has been stated, be measured with a some 
what diminished accuracy). An application of Planck’s formula leads to the 


result that 


" Cy 7 
where D ~<a C 
/ 
and similarly for ¢;’; c, is the well-known constant appearing in PLANCK’s formula, 
its numerical value being 14.320 (microns) . (degrees Ix 


The measurement of AG; thus gives us the difference of the two functions d,; of 


the colour temperatures of the two stars. ¢; is sometimes called the absolute gradient 
of a star. Its measurement necessarily involves the measurement of atmospheric 
transmissions, whereas the measurement of relative gradients G; does not. In 
measurements of colour temperature it is the absolute gradient ¢; that is obtained 
irom a spectrophotometric comparison of a star and a standardized lamp. (ee is 
then given by the above equation; for each series of measures it is usual to construct 


a table of d; against 7',, for the wavelength employed. 


3. SPECTROPHOTOMETRIC MEASUREMENTS 

We are now in a position to describe the developments which have taken place 
since 1925. We have seen that at that time a theory was available which predicted 
that stars radiated very much like black-bodies so that for all wavelengths we should 
have 7, = T,, = T,, and further it seemed that 7', could be approximately identified 
with the FOwLER-MILNE ionization temperature. The measurement of relative 
gradients pro\ ided a means of getting quite an accurate check on this. The adopted 
ionization temperature scale gave 10,000° for type AO and 18,000° for B2. Identifving 
these with colour temperatures the corresponding values of d; are 1-52 and 1-00 for 
vi 5000 A, so the difference of gradient between the two types should be 0-52. 
Measures at Greenwich showed that the actual difference of gradient between the 
two types was definitely less than this; the best observed value that can be given is 
0-35, and since the standard error of measurement is + 0-03 for the relative gradient 
of a single star there can be no doubt that the theory as it stood was erroneous. 
Attention was soon focused on the assumption that the absorption cross-section 
of stellar material did not vary with wavelength. 

[t will be convenient at this stage not to follow the historical order of development 
but to summarize forthwith the observational material that is now available. At 
Greenwich (1952) relative gradients G; have been measured for 250 stars at A 5000 A, 
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and GASCOIGNE (1950), working at the Commonwealth Observatory at Mount 
Stromlo, has extended this work to the southern hemisphere, having measured relative 
gradients for 166 stars (thirty of these being also in the Greenwich list). Measure- 
ments of absolute gradient involving spectrophotometric comparisons with a standard 
lamp have been made at Ann Arbor (WILLIAMS, 1939), G6ttingen (KIENLE, STRASSL, 
WeEMPE, 1938; KIENLE, WEMPE, BEILEKE, 1940), Greenwich (GREAVES, DAVIDSON, 
MarTIN, 1934), and Jungfraujoch (BARBIER, CHALONGE, 1941). As has already been 
stated, the measurement of absolute gradients is susceptible to enhanced error as 
compared with relative measurements, and for this reason all the Greenwich absolute 
comparisons were directed towards the measurement of one quantity, the absolute 
gradient ¢y corresponding to the zero point of the Greenwich system of relative 
gradients. GASCOIGNE’S relative gradients are referred to the same zero point, and 
for any star on the Greenwich and Mount Stromlo lists we have (for A 5000 A) 
> = by G. From the absolute work at the four observatories mentioned above it 
appears that the measurements in the visible spectral range are consistent within the 


inevitable error of measurement and from the combined results the best value that 


can be given for the zero point of the Greenwich system is dy = 1-10 with an uncer 
tainty of the order of + 0-05. The Ann Arbor and Greenwich measures refer to 
A 5000 A, the Gottingen measures (two series) to 5700 A and 4400 A, and the 


Jungfraujoch measures to 4250 A. There is no certain evidence of a variation of 
colour temperature with wave-length in the visible spectral range. But the Jungfrau 
joch results include a series of measures of 7',, at 2 = 3500 A in the near ultra-violet, 
and it is at once apparent that these colour temperatures can differ materially from 
those in the visible spectrum. 

A sample of the results is given in the table which gives values of ¢; and c,/7',, for 
/ 5000 A and 4 3500 A. It is better to give values of ¢,/7',, rather than 7 
since the errors of measurement of the former are more comparable for different 
temperatures. The table also gives values of ), the Balmer discontinuity as previously 
defined. The values given for / 5000 A are based on the Greenwich and Mount 
Stromlo results with zero point ¢, 1-10. The values given for 2 = 3500 A and 
the values of ) are based on those obtained at Jungfraujoch. All the figures refer 
to the nearer (not space-reddened) stars of the main sequence. For each of the two 


sets of values of ¢; the differences from type to type depend on relative measures only 


Values of db; and c,/T'.; for y, 5000 A and 
r 3500 A and values of the Balmer Discon 
tinuity D. Cy 14.320 

1 1 Differ- D 

ence 

BO 0-75 0-75 0-44 0-62 0-18 0-06 
B5 0-88 1-07 0-63 1-02 0-39 0-25 
AO 1-10 1-45 0:93 1-43 0-50 0-49 
A5 1-40 1-63 1-29 1-61 0-32 0-42 
FO 1-67 1-90 1-60 1-89 0-29 0-26 
F5 1-90 1-98 1-85 1-97 0-12 0-18 


and so should be accurately determined. But owing to the enhanced error of absolute 
measurements each set of values of d; is subject to a systematic error which may be 


taken as being of the order of + 0-05. 
The sixth column of the table gives the differences of c, 7',, for the two wavelengths 
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5000 A and 3500 A. They represent, of course, departures from black-body distribu 
tion. It will be seen that these differences, and also the values of the Balmer 
discontinuity D, attain a maximum value near type AO for which type the colour 
temperatures at 5000 A and 3500 A are respectively 15,400; K and 10,000°K, and 


the Balmer discontinuity is ) = 0-49 corresponding to (#;, Bz) = 3-1. 


$. THEORETICAL DEVELOPMENT 

The observational material, therefore, shows that over the explored spectral range 
the stars do not radiate like black-bodies and the departure from black-body distribu 
tion attains a maximum near type AO. If we retain the hypotheses of radiative 
transfer and local thermodynamic equilibrium and attribute the departure to the 
variation of the stellar absorption cross-section with wavelength, it is at once 
suggested that hydrogen is making an important contribution to the total absorption 
This has stimulated the theoretical investigation of model stellar atmospheres 
consisting of hydrogen alone. 

It will be convenient at this point to make some general remarks concerning 
theoretical development. The theory aims at the calculation of the emergent flux 
KE; in terms of the effective temperature 7’,. The calculation will obviously involve the 
absorptive properties of the stellar material, that is, the absorption cross-sections at 
the various wavelengths. Actually if «; denotes the total cross-section per unit mass 
it any given depth below the stellar surface it is only the mutual ratios of the « 
for the different wavelengths that matter: if the «;s at various depths are multiplied 
Dv factors depending on depth only and not on wavelength the values of #; for a 
prescribed 7’, are unchanged. The cross-sections have to be calculated from quantum 


tal mass cross-sections 


mechanics for each kind of atom involved: in general the t 

and their mutual ratios depend on the temperature of the material and on the 
electron pressure, and so vary with depth below the surface. But variation with 
depth of the mutual ratios of the «; leads to very intractable analysis and an approxi 
mation is introduced whereby the ratios of the «; for the various wavelengths are 
assumed to be invariable with depth and are calculated for values of the temperature 
and electron pressure which are regarded as being average values fol the surface 
layers of the stat The effective temperature T’. is taken to represent the average 
temperature for this purpose. 

The ratios of the x; having been thus determined for a prescribed model the cal 
culation of the emergent fluxes /#; for various / (and so the colour temperatures and 
discontinuities) proceeds in two main stages. The first stage is the calculation of the 
temperature distribution with depth and this involves both of the hypotheses intro 
duced, namely (1) that radiation is the only mechanism whereby energy is transferred 
outwards through the surface lavers, and (2) the hy pothesis of local thermodynamic 
equilibrium, which states that the ratio j; «; of the emission coefficient j, (ergs per 
angstrom per second per gramme) to the total cross-section per unit mass is the same 
as for matter in full thermodynamic equilibrium. The temperature distribution 
having been obtained, the second stage consists of the calculation of /; for any /, 
and this involves the second hypothesis but not the first. The effective temperature 
7, appears as an unknown parameter in the first stage and so the final values of EF; 
involve 7: it is also involved, as has been stated, in the calculation of the mutual 
ratios of the x;. Since 7, is not directly observable we must aim at fixing it for a 


given spectral type by choosing it so that one of the derived quantities (say the 
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Balmer discontinuity) given by the theory agrees with the observed value for the 
type. The success of the theoretical model must then be judged by the agreement 
or otherwise, of the other derived quantities (colour temperatures) with observation 

The first calculations of emergent flux for a model star consisting entirely of hydro 
gen were carried out by McCrea (1931). Fig. | is reproduced from his paper and 
exhibits his caleulated values of #; for 7’ 10,.000°K. The figure also gives Planck 
curves for temperatures of 10,0007 and 15,000°. It will be seen at once that over the 
spectral range 4500 A to 8000 A the colour temperature of the model is about 
15,000° and rises to a somewhat higher value between 4500 A and the Balmer limit 
Just below the Balmer limit in the range 3000 A to 3600 A the colour temperature is 
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Fig. 1. Comparison of theoretical irves for hydrogen atmosphere (7' 10,000°) with 
black-body curves for 10,000° (absolute units) and 15,000° (relative units) (McCrea. M.N.. 
91, 855, Fig. 10, 1931 


near to L0,000°, and for the Balmer discontinuity of the model we have (/£;, 2; ) 

3:5, that is, D 0-54. These values are in quite good agreement with the values 
actually observed for main sequence AO stars, the main discrepancy being that the 
Balmer discontinuity of the model is a little too large. This seems to be the beginning 
of a divergence between McCREA’s models and real stars which develops rapidly for 


effective temperatures less than 10,000°. For the higher values of 7’, from 
7’ 22,000° to 7 10,000) McCrea’s calculations give a fair representation of the 
stars of types B and AO, but for 7’, 10,000) to T 6000° the Balmer discon 
tinuities of the model increase rapidly, becoming something like (/£;,/F;_) ld) 
near 7" 6000°, whereas for real stars of the main sequence the discontinuity is at a 


maximum for type AO. 

However, we now know that this does not mean that real stars are in disagreement 
with theoretical hydrogen models. McCrea only included hydrogen atoms and 
ionized hydrogen atoms (protons) in his calculations of absorption cross-section. 
In 1939 WiLpT’ pointed out the astrophysical importance of negative f ‘drogen ions, 


each consisting of a proton and two electrons; the stability of this configuration had 
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been discovered some ten years earlier by Berue (1929) and HyLLERAAS (1930). 
For temperatures in excess of L0,000° the contribution of H~ to the total absorption 
cross-section is either quite negligible for the lower electron pressures or is, at most, 
a minor contribution for an electron pressure of 104 dynes per cm?; for lower tem- 
peratures the H~ contribution becomes increasingly important, and at 6000° it is 
predominant. Since there is no discontinuity at the Balmer series limit for the 
abso1 ption cross-section of H~ the effect of the presence of negative hydrogen ions 18 
to damp down the discontinuities given by McCrea’s models. It should be added 
that for McCREA’s models in which H” was ignored the mutual ratios of the absorp- 
tion cross-sections «; depend only temperature and not on partial electron pressure. 
The presence of negative hydrogen ions produces a dependance on pressure, and so 
leads to absolute magnitude effects. Space permits only a passing reference to the 
very important theoretical work of CHANDRASEKHAR and MUNncu (1946) from which 
it appears that if we consider model stars composed of hydrogen alone the calculated 
combined absorption cross-section of H and H~ leads to calculated colour tempera- 
tures and Balmer discontinuities in, at any rate rough, agreement with the observed 
results for actual stars of types AO to GO, 

It is possible that the agreement will turn out to be better than has been indicated 
by the last sentence. But we do seem justified in saying now that the stars of types 
B to GO are represented to at least a first approximation by the hydrogen models. 
This seems to suggest that the two basic hypotheses of the theory are valid to a 
first approximation, that hydrogen is preponderantly abundant in stellar material, 
and that negative hydrogen ions do, in fact, exist in the surface layers of stars. The 
preponderant abundance of hydrogen is a conclusion which has also been reached by 
other lines of argument. 


Before leaving our (very sketchy) survey of theoretical developments we must 


refer to a point of some interest. We have seen that in general the calculation of 


emergent flux #; must be preceded by a calculation of temperature distribution with 
dept h. Now there is one particular case for which the emergent flux can be calculated 
in the absence of any knowledge of the temperature distribution, and from what has 
been said above it will be seen that the calculated flux then depends only on the one 
hypothesis of local thermodynamic equilibrium, there being no appeal to the hypo- 
thesis of radiative transfer. This is the case in which over a limited spectral range the 
absorption cross-section is very much greater than the average; the actual mathema- 
tical case is that of an infinite «; over a limited spectral range, and, under such circum- 
stances, if we assume that local thermodynamic equilibrium holds good right up to 


the photospheric surface, then the theory shows that throughout the spectral range 


concerned the colour and brightness temperatures are equal and are independent of 


the angle of emergence, each being equal to the physical temperature of the surface. 
This is a result for the limiting case of infinite absorption cross-section «x; over a 
restricted spectral range. Fora spectral range over which «; is very much greater than 
the average we may expect an approximation to this limiting case; such a spectral 
range will be found immediately to the short wavelength side of a large hydrogen 
discontinuity, since a large discontinuity is the result of a large increase in x; as we 
pass to the short wavelength side. Now for main sequence stars near type AO the 
Balmer discontinuity is comparatively large, and it is at once suggested that the 
colour temperatures at 3500 A found for these stars are approximations to the sur- 
face temperatures. Further, it is suggested that for such stars the colour and 
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brightness temperatures in this spectral region should be approximately independent 
of the angle of emergence, there being little variation from centre of disk to limb, 
so that the colour temperature at 3500 A for an eclipsing binary near type AO should 
be nearly independent of phase. Some observational verification of this is available; 
the Jungfraujoch measures for Algol (B&) do in fact suggest that at 3500 A the change 
of colour temperature with phase is much less than for 4250 A. If this is substan- 
tiated by further measures (verification seems to be needed) it is an important result, 
and it leads to the conclusion that for any star for which the Balmer discontinuity D 
exceeds the measured value of D 0-31 for Algol the absorption cross-section x; 
in the 3500 A region is large enough to constitute an approximation to the limiting 
case of infinite «,. There is accordingly reason to believe that for main sequence 
stars of types Bs to A7 (for which D exceeds 0-3) the colour temperature at 3500 A 
represents an approximation to the temperature at the photospheric surface. Of 
course, since the absorption cross-sections are not actually infinite the colour tem- 
perature at 3500 A should exceed the surface temperature*; for the types B8 to A7 
it is probably roughly true to identify this colour temperature with the effective 
temperature 7’, which, according to the theoretical results for the distribution of 
temperature with depth, is about 23 per cent greater than the surface temperature. 
(Comparison with the theoretical hydrogen models suggests 7’, 10,000" for a main 
sequence AQ star and the measured colour temperature T,, at 3500 A is also 
LO.000 
5. SPACE REDDENING 

Up to now we have been concerned with stars so near that selective obscuration 
by interstellar matter can be ignored, and so we may identify the observed colour 
temperature of a star with that of the emitted radiation at the stellar surface. 
We find as an observational fact that for the nearer stars of types B, A, and F the 
colour temperature of a star seems to depend practically on the spectral type alone; 
at type GO a scatter sets in which can be ascribed to an absolute magnitude effect. 
Fig. 2 reproduces a diagram given by GASCOIGNE (1950) showing for the nearer 
stars the relation of gradient at 5000 A (the zero being that of the Greenwich system 
of relative gradients) to spectral type. But when we come to the more distant stars 
we often find that the gradient is larger, 7.e. the colour temperature is smaller, than 
for the nearer stars of the same type, so the representative points for distant stars 
fall below the curve shown in Fig. 2. Thus the star 9 Cephei is of type B2, its measured 
relative gradient at 5000 A is G 0-70, whereas for the nearer stars of this type 
we have G 0-35. The difference of 1-05 is called the gradient excess of the star 
at 5000 A, and is a measure of a reddening effect which is attributed to selective 
obscuration by interstellar material. Gradient excess can of course be determined 


at any wavelength accessible to observation; from the Jungfraujoch results the 


gradient excesses of the same star, 9 Cephei, at 4250 A and 3500 A are respectively 
0:77 and 0-79. These figures are fairly typical of the results obtained for reddened 
stars. From a discussion of the measures for twenty-seven stars on the Jungfraujoch 
lists, fifteen of which are included in the Greenwich results, Divan (1952) finds that 
the gradient excesses are the same for 3500 A and 4250 A but that the gradient excess 


at 5000 A is larger. 


* For the theoretical model this is certainly true if d«,/d/ is positive, a condition which is satisfied for material consisting 
predominantly of hydrogen 
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true to a first approximation at any rate From the results referred to above it 


appears that da; d(1 7) has the same value for 3500 A and 4250 A and is some 30 per 
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cent greater at 5000 A. Divan (1952) has concluded from his analysis of the material 
that a; varies linearly with 12 from 3150 A to 4600 A and decreases more rapidly 
from 4600 A to 6500 A. 

Now a; can be calculated from the electromagnetic theory of light for particles of 
various sizes, refractive indices, and absorption coefficients, and the observed varia 
tion of gradient excess AG; with wavelength can be compared with the calculated 
results for different mixtures. In this way, as has been shown by vAN oe HULs1 
(1949) we may hope to find out something about the physical properties (average 
size, dispersion in size, refractive index. absor ption coefficient) of the particles com 
posing the interstellar material. The average radius seems to be of the order of a 
fifth of a micron, but detailed results are not quoted here since | have formed the 
impression that the calculations which have been made are premature. The caleula 
tions are necessarily sensitive to the exact values of the ratios of gradient excess 
at different wavelengths; the gradients at 3500 A are somewhat difficult to measure 
and the most recent Jungfraujoch measures (CHALONGE and Divan, 1952) indicate 
that the values previously obtained are affected by a systematic error depending on 
magnitude. Further, the calculations that have actually been carried out are partly 
based on observational material Incorporating heterochromatic measures obtained 
with a photo cell and colour filters | cannot refrain from commenting that the use 
of such material for the present purpose 1s dangerous. These heterochromati 
results do not refer to the continuous spectrum alone but involve the intensities of 
spectral lines, and it is known that the lines of reddened stars often exhibit the 
“ce” characteristic.* Consequently the line contribution to a heterochromatic 
magnitude may be different for reddened and unreddened stars of the same type, and 
there is a risk of being misled if we assume that heterochromatic results can be 
treated as if they referred solely to the continuous spectrum. Further investigation 
seems to me to be required before confidence can be placed on the results of calcula 
tions involving such an assumption. For stars of early type the risk is greatest when 
the heterochromatic magnitudes involve higher members of the Balmer and Paschen 


series. 


6. INTRINSIC REDDENING 


In addition to reddening by interstellar material there is another type of reddening 
for which the cause seems to be located in the stellar atmospheres and which may be 
called intrinsic reddening. The existence of this type of reddening was demonstrated 
by observations of y Cassiopeiae (GREAVES and MARTIN, 1938; HUNTER and MarTIN, 
1939). During the period 1936 to 1938 this star reddened, the reddening being 
accompanied by the development of emission lines and being thus apparently due to 
some process intrinsic to the star itself. From the Greenwich and Jungfraujoch 
observations it appears that the variation of gradient-excess with wavelength is 
quite different for intrinsic reddening and space reddening. For the latter we have 
seen that the gradient excesses at 3500 A and 4250 A are approximately equal and 
that the gradient excess at 5000 A is some 30 per cent greater. But for y Cassiopeiae 
1938-2, when the emission lines were strong, the gradient excesses (relative to 

Persei) were 0-77, 0-10, and 0-50 at wavelengths 3500 A, 4250 A, and 5000 A 


respectively. We here seem to have a type of reddening for which the gradient 


* The reddened stars are the more distant stars, and sin t servational material has been necess aruly ft 


brighter stars there is a tendency for the more distant stars on t bserving lists to be of high luminosity 


The continuous spectrum 


excess for 3500 A is much greater than for 4250 A. It may possibly arise from 
fHuorescent emission setting in on the short wavelength sides of the Paschen and 
Balmer series limits, a mechanism suggested by WooLLey (1934). This is a specula- 
tion, but it has this to be said for it, that during the period when y Cassiopeiae was 
reddened the Balmer discontinuity, which was negative prior to the period (about 


D 0-1) became still more negative, attaining a minimum value of D 3 
1937-7). A negative value of D means that the continuous spectrum is more intense 


on the short wavelength side of the Balmer series limit. 

Intrinsic reddening seems to be comparatively rare. For the twenty-seven 
reddened stars examined by Divan the ratios of the gradient excesses for the different 
wavelengths seem to be homogeneous within the error of measurement and convey 
no suggestion of the presence of the type of reddening exhibited by y Cassiopeiae. 
[t is possible that this kind of reddening does not occur in a static star but is associated 


with temporary outbursts. 


7. SUMMARY AND CONCLUSION 


We may now summarize briefly the advancement of knowledge in this field since 
the publication, in 1925, of Astronomical Physics. Measurement of colour tempera 
tures and Balmer discontinuities has shown that stars do not radiate like black-bodies, 
as used to be assumed. Over the spectral range covered by the measurements the 
departure from black-body distribution is a maximum at type AO. Theoretical 


investigation has progressed and has been based on the two basic hypotheses of 


radiative transfer and local thermodynamic equilibrium. The theoretical colour 
temperatures and discontinuities for model stars composed of hydrogen alone are in 
fair agreement with observational measures, the earlier disagreement for the later 
spec tral types having been removed by the realization that for effective temperatures 
less than 10,000°K negative hydrogen ions make an increasingly important contribu 
tion to the total absorption cross-section. The approximate agreement between the 
hydrogen model and observation indicates that hydrogen is preponderantly abundant 
in stellar material (a conclusion which has also been reached by an independent 
line of argument) and that the two basic hypotheses of the theory are valid, at any 
rate as first approximations. The theory indicates that near type AO of the main 
sequence, where the Balmer discontinuity is largest, the colour temperatures in the 
ultra-violet, on the short wavelength side of the Balmer series limit, are approxima 
tions to the actual physical temperatures in the surface layers of stars. 

Progress has been made in the observational measurement of spectrophotometric 
oradients for space-reddened stars, and gradient excesses are now available for a 
number of such stars. Work of this kind has opened a door which may lead to 


knowledge of the physical nature of interstellar material. The observational study of 


Cassiopeiae has revealed the presence of another type of reddening, intrinsic 
reddening, which, however, seems to be a comparatively rare phenomenon. 
Scientists should never be complacent, but we have some reason to be satisfied 


with the progress made since 1925. 


REFERENCES 
BARBIER, D. and CHALONGE, D 194] fin. Astrophys., 4, 30. 
BETHE, H 1929 Z. Phys., 57, 815. 
CHALONGE, D. and Divan, LUCIENN! 1952 {nn. Astrophys., 15, 201 


H. KIENLI 1321 


CHANDRASEKHAR, S. and MUNCH, G 1946 tp. J., 104, 446 
DIVAN, LUCIENN! 1952 fin. Astrophys., 15, 237 
Fow Ler, R. H. and MILNE, E. A 1923 V.N., 88, 403. 
1924 VN... 84, 499. 

GASCOIGNE, S. C. B. : 1950 VN . 110, i) 
GREAVES, W. M. H., Davipson, ( g. and 

Martin, E. G. 1934 VU.N., 94, 488. 
GREAVES, W. M. H. and Martin, E. G 1938 VLN., 98, 434. 
Huaarns, Sir WitttAmM and Lady HuGaGins 1899 fn Atlas of Representative Stellar Spectra 


See p. 85 for remarks on the Balmer 
discontinuity.) 


Hust, H. C. van pt 1949 Recherches Astronomiques de U Observatoire 
U Utrecht, XI, part 2 

HuNTER, A. and Martin, E. G. 1939 Observatory, 62, 237 

HyYLLERAAS, E. A 1930 Z. Phys., 60, 624. 

KIENLE, H. Strassi, H. and Wempr, J 1938 Z. Astrophys., 18, 201 

KIENLE, H., Wemper, J. and BEILEKE, F 1940 Z. Astrophys., 20, 91 

LINDBLAD, B 1920 Uppsala Universitets Arsskrift, Matematik 
och Naturwve ntenskap, i. 

McCrea. W.H 1931 VU .N., 91, 836 

MILNE, E. A 1922 Phil. Trans. A, 223, 201 

oval Observatory. Greenwicl iv 2 Observations of (olour Ten peratures of 
Stars, Vol. II 

STRATTON, F. J. M 1925 lstronomical Physics. Methuen, London 

Witptr, R 1939 ip. J., 90, 611 

WILLIAMS, R. ¢ 1939 Vichigan Obs, Publ., 4, No.7 

WOOLLEY R \ » KR 1934 U.N 95, 115 

Yu, Cu.-S 1926 Lick Obs. Bull. No., 375 


The Problem of Stellar Temperatures 


H. KIENLE 
Sternwarte, Heidelberg-Koénigstuhl, Germany 


SUMMARY 


Stellar colour temperatures may be determined by iparing the intensity distribution in the continuous 
spectrum with the radiation of terrestrial light sources of known intensity distribution The newly 
developed Xenon high pressure lamps seem to otter a convenient source, having a colour temperature 


close to that of the Sun 


THE state of matter is usually described in terms of temperature, pressure and density 
These three functions satisfy an equation of state which relates these variables with 
a number of parameters which are either universal physical constants such as the 
gas constant, the Boltzmann constant, the Planck constant, efc., or special constants 
such as molecular weight, excitation potentials, efc. Arguments based on the kinetic 
theory of gases give a relation between the temperature and the mean kinetic energy 
of the particles; this relation, which is valid in the simple case of a monatomic gas 
in thermodynamic equilibrium, is frequently extended to other states, including 
non-equilibrium states, in which it is no longer possible to speak of a “temperature” 
in the strict sense. In such cases the figure given for the temperature is only a more 
or less helpful measure of the energies involved in the mutual interactions of the 
particles. 

As radiation can be treated as a monatomic gas in the sense of the qua itum theory, 


the atoms being light quanta of a particular energy, it is always possihe to assign a 
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temperature to radiation. In the ideal case of radiation confined in a cavity with 
adiabatic walls held at a constant temperature (““Hohlraumstrahlung’’, black-body 
radiation), the theory leads to the conclusion that all features of this radiation, in 
particular the distribution of intensity at various frequencies, are determined by a 
particular function of state, namely, the temperature. These features are governed 
by the Planck radiation formula, from which the Stefan-Boltzmann law for the 
energy density and the expression for the isotropic radiation pressure of the photon 
gas may be derived. 

In a discussion of the exchange between matter and radiation it becomes necessary 


to define the concept of temperature more closely. The glowing tungsten filament of 


an incandescent lamp and the mercury vapour in the tube of a sun-ray lamp both 
have a “true temperature” in the thermodynamic sense. The radiation from the 
tungsten wire or from the incandescent mercury vapour has assigned to it a “‘radia- 
tion temperature’ corresponding to its intensity. We shall now investigate the 
relation between this radiation temperature and the true temperature of the 
radiating body. 

True temperature and radiation temperature are identical only in the case of an 
ideal black-body, realized in practice by means of a hot-walled cavity. Every natural 
source of radiation, on the other hand, has an emissivity which in general is less 
than that of a black body. When this emissivity is equal for all wavelengths, we 


speak of “grey” radiation. The distribution of relative intensity in the spectrum of 


such a comparison source is the same as in that of a black body of the same true 
temperature. Hence the true temperature ot a grey source Can be deduced from the 
intensity distribution by means of the Planck radiation formula. 

On the other hand, if the emissivity is more or less dependent on the wavelength, 
temperatures deduced from the radiation intensity may differ by any amount from 
the true temperature. Thus a theory of the special radiative processes involved is 
required if one is to deduce the true temperature of the emitting source from the 
observed intensities 

1. DEFINITION OF TEMPERATURI 
Unfortunately, in the case of the stars. only such radiation as has escaped from the 
surface is accessible to observation and its st udy is thus the only basis for deductions 
concerning the temperature in the layers from which it is emitted. We therefore 
require empirical methods for the deduction of radiation temperatures, as well as a 
theory of the interaction between matter and radiation. 

The derivation of temperatures from observed radiation intensities is always 
based on PLANCK’S radiation formula, which gives the emission per square centimetre 


specific emission) of the radiating surface: 


/? 
cf. ez} 5-955 LO * erg cm- Se( | 


Cy ch} 1-438 ecm-deg. 


This leads to the following definitions of temperature: 
(a) Black-body temperature Tis the temperature of a black-body having the same 


specific emission at wavelength / as the star. 


F(A)dA = E(A, T,)da. — 


Vi 
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(6) Radiation te mperature T', is the temperature of a black-body having the same 
specific emission as the star in the wavelength range A, to /,: 

F(A) g(A)da E(A, Te)g(A)da. seu ofl 
We speak of the radiation temperature in the visual range, or the photographic 
range, efc., according to whether g(/) represents the sensitivity distribution of the eye, 
or of the photographic plate, etc. 

(c) Effective temperature T', is the temperature of a black-body having the same 
total emission as the star 

F(A)dA h(a, T,)dd aT’ A, | 


oO D°68 1O-? erg ecm sec. l deg 1 | 


(d) Colour temperature 7’, is the temperature of a black-body having the same 
distribution of relative intensity (‘colour’) as the star. In the special case of astro 
nomical applications the colour is defined by the colour index C' or by the gradient 


and the colour temperature (or “gradient temperature’) is then defined by 


Pa oF d F(A) J 
()- - - Og - - 0-434(¢ dy) | 
OL. A(1 A) d(1 A) F(A) 
956 c 
ab S (| ( l ) 1 | 
] 
(d do) Ad is the “relative gradient” with respect to the equivalent grey-body. 


In the Wien approximation: 


Tables for the exact calculation of 7’, from 4, taking the Planck correction into 
account, have been published (KIENLE, 1941la). 

The definitions (a), (6), and (c) can be applied only if the specific condition is 
known in absolute measure (watts per square centimetre). This is not available in 
the case of the stars. What is usually available is a measure radiation intensity /’ 
which contains the effects of transmission through the Earth’s atmosphere and of the 
selective sensitivity g(A) of the apparatus: 


iD) 
1“ 


F(A) F(A) .—. . p(a) . g(A), é<nate 


where r is the distance and R the radius of the star. Absolute energy measurements 
are available only in the case of the Sun, for g(A) |. The transmission coefficient 
p(A) of the Earth’s atmosphere can be measured observationally, giving “extra 
terrestrial intensity’’. Since the radius and distance are also known, it is possible to 
obtain the absolute intensity distribution which can now be applied to all four types 
of temperature. 

The measured values of the solar constant gives the effective temperature of the 
Sun as 


TT, = 5713°K, 
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using (4). The black-body temperatures and especially the colour temperatures 
formally derived from the energy curve vary with wavelength. The form of the 


distribution in the neighbourhood of the maximum corresponds to a temperature of 


about 7000°K, while the gradient in the ultra-violet leads to temperatures lower 
than 5000°K. 

In the case of the stars we are generally confined to the deduction of colour 
temperatures from spectrophotometric measurements of gradients. Even here a 
difficulty arises from the effect of the interstellar medium, which causes a reddening 
of the stars. If, as many investigations indicate, the interstellar absorption follows 
a A law, it tends to alter the gradient in the sense of a lowered coloured temperature, 
according to equation (5). In an actual case it cannot be decided from measurements 
of the continuous spectrum alone whether the apparent difference between the 
temperatures of two stars is genuine or whether it is due to interstellar reddening, 


and other criteria (line intensities) must be used. A classical example is the case of 


the two BI stars ¢ and ¢ Persei, which have a relative gradient of 0-5. Giving e Per 
a colour temperature of 15,000°, this would lead to a colour temperature of 10,000 
for € Per. Actually ¢ Per is situated in an absorbing region and the results of this 
particular spectrophotomet ric investigation have led to an interstellar absorption 


law with a variation very close to 2~! (KIENLE, 1940a). 


2. THE CoLOUR TEMPERATURES OF STARS 
The problem of determining colour temperatures from photometry of the continuous 
spectrum can conveniently be solved in two steps: 

(a) Determination of the relative gradient with respect to a standard star (relative 
calibration). 

(b) Determination of the gradient of the standard star with respect to a black 
body of known temperature (absolute calibration). 

In carrying out this method it is always relevant to determine to what extent the 
representation of the intensity distribution in the continuous spectrum by a gradient 
is valid. The observed departures from a Planck distribution (causing the gradient to 
vary with wavelength) either may arise from a genuine distortion of the continuous 
spectrum through the characteristics of the continuous absorption coefficient in the 
stellar atmosphere, or may be a spurious effect due to the limited resolving power of 
the spectrograph, giving rise to a ‘‘spread”’ of the absorption lines; the latter effect 
becomes more serious in the later spectral types. This spread which depends on the 
dispersion is not easily estimated. Only in the case of the Sun (7.e. for spectral type G), 
where line intensities have been measured with the highest dispersions, is it possible 
to make a reduction to “undisturbed” continuum (WeEMPE, 1947), and even here this 
reduction becomes rather doubtful at wavelengths shorter than 4000 A. In all other 
spectral types the effect of this spread is present in the observations that have been 
made hitherto; it is relatively unimportant for the early types (B and A), but quite 
appreciable for the late types. 

In the relative calibration, extinction in the Earth’s atmosphere enters only 
through its dependence on zenith distance. Its influence can therefore be sub- 
stantially eliminated by observing the two stars to be compared at the same altitude. 
Absolute calibration, however, demands an exact knowledge of the transmission 
coefficient of the Earth’s atmosphere, since it enters directly into the comparison 
between the star and the terrestrial source of light. For this reason absolute 
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calibration observations should be carried out at the highest possible altitudes, 


so that, when the sky is clear, one has only an atmosphere with pure Rayleigh 
scattering to look through. 

Apart from older work, which has been discussed especially by Briu (1932), the 
present system of stellar colour temperatures (KIENLE, 1937) is based essentially on 
five fundamental series of spectrophotometric observations: Greenwich (GREAVES 
et al.), GOttingen (KIENLE et al.), Paris-Jungfraujoch (BARBIER, CHALONGE, et al.), 
Ann Arbor (WILLIAMS), and Sproul-Amherst (HALL). 

The Greenwich publication (1940) gives mean relative gradients for 250 stars of 
types Oe5-GO0, based on the mean of nine AO stars; five points of the spectrum were 
measured (1// 1-557, 1-730, 1-884, 2-090, 2-237). In the G6ttingen publication 
(KIENLE ef al., 1938, 1940b) complete relative energy distributions, based on the 
mean of nine AO stars, are given for thirty-nine stars of types B-M; “red” and 
“blue” gradients have been derived by linear representations of nine measured points 
in the long-wave region of the spectrum (1-526 1/A < 1-974), and of thirteen points 


in the short-wave region (1-994 < 1/A < 2-491), respectively. For eighteen stars 
measurements have been extended to the infra-red region (1-172 A 1-658) 
(v. Horr, 1939). 

The Paris publication (BARBIER and CHALONGE, 1941) gives gradients in the 
ranges 24600-43700 (¢,) and 43700-43150 (¢,) above and below the Balmer limit, 
and also the Balmer discontinuity D, for 240 stars chiefly of types B-F. 

In the Ann Arbor publication (WILLIAMS, 1938, 1940) the chief emphasis has been 
laid on absolute calibrations in the wavelength range 44040—/6370 for seven AO stars. 

Hau (1941), at Sproul and Amherst College Observatories, made relative calibra 
tions of sixty-seven stars with respect to AO stars using a photo-electric instrument 
in the range 44570-A10,320. 

The standard sources used in Géttingen and Paris have been compared with 
each other and calibrated against a black-body (KIENLE, CHALONGE, BARBIER, 19338). 
WILLIAMS compared the zero points of the five temperature systems in 1939 by 
comparing his lamp with the National Standards in the U.S.A., Holland, Germany, 
France, and England (WILLIAMS, 1938, 1940). 

The essential result of these investigations may be summarized by saying that 
the more or less smoothed-out continuum in stellar spectra, obtained with moderate 
dispersion between 50 and 100 A per mm, cannot be represented by a single colour 
temperature in the range between 3000 and 10,000 A. In the short wavelength 
region the spectra of early types (B5—A5) are affected by the coalescence of the 
Balmer lines near the series limit (43646) and by the associated increase in the 
continuous absorption coefficient of hydrogen; in later types the accumulation of 
lines and bands causes an increasing ‘‘depression”’ beginning around the G-band at 
24227. In the long wavelength region the continuum of the A stars is affected by the 
Paschen series which has its limit at 48206. 

The extent to which this material, together with other measurements, may be 
used to derive radiation temperatures, and also finally effective temperatures, from 
the colour temperatures—in a purely empirical manner without resorting to the 
theory of stellar atmospheres—has lately been discussed by PiLowskt (1952) in a 
series of papers. His calculation of the ‘‘absolute energy distribution of stellar 
radiation between 4000 and 10,000 A” contains the few available absolute calibra- 
tions as a decisive factor. Bearing in mind the possible systematic errors, KIENLE 


940c) did not in his discussion venture to regard the fluctuations that appear in the 
trum ot the average \Q star as being established with certainty. However, 
servations of (HALONGE and his collaborators proy ide strong arguments for 


renuineness. 


3. THE STANDARD SOURCES OF TEMPERATURE 
calibrations the part plaved by the terrestrial comparison source 1s 


ays come back to the black-body, 
for the measurement of high temperatures. 
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advantage of being suitable for exchange among observers in different parts of the 
world. 

The positive crater of the ordinary carbon are has recently been found (EULER, 
1950, 1951) to give grey radiation with 7' 3995°, which is considerably nearer to 
that of the Sun than that of the tungsten filament lamp. The only disturbing factor 
in this case comes from the CN bands superimposed on the continuous spectrum, 
which makes the astronomically important short-wave region around 44000 useless 
for comparison purposes. In spite of this K1ENLE (1947) has succeeded in using the 
carbon arc in an investigation of the depression of the solar continuum in the ultra- 
violet. He found that the undisturbed continuum visible in narrow ‘‘windows”’ 
between the lines (24315 and 43301) leads to a colour temperature of about 7000°, in 
agreement with the temperature derived from the form of the energy curve in the 
neighbourhood of the maximum above /4000. 

The xenon high pressure lamps which have been developed in the meantime 
(SCHULZ, 1947) seem to offer a suitable source of light for future investigations of 
the solar Spectrum. The continuous spectrum of the xenon are, which has only a 
few discrete emission lines superimposed upon it below 46800, corresponds to a 
colour temperature 7’ 5545°K. The agreement between the ‘‘artificial’’ stars 
made from the new light sources and the natural stars is indicated in Fig. 1, which 
shows the result of a calibration against a black-body made in Paris in April, 1952. 
It may be hoped that this will lead to a final solution of the outstanding problems 
of the absolute intensity distribution in the spectra of the Sun and of the “mean 
AO star’. 
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New Spectral Classifications with Two or Three Parameters 


1). (CHALONGE 


1. INTRODUCTION 


THE most accurate spectral classifications at present im Use that of the Yerkes 
Obsery tory’, Is a classification with two parameters 


The first of these two parameters is the mean temperature which prevails in the 


outer lavers of the stars: the second is the luminosity This classification fixes the 
position of the star in the HERTZPRUNG-RUSSELL diagram. Veither of these variables 
has to be known explicitly in orde fo classifu any indinidua ivy and the classification 

j } les , eS a ae J L* 4 F 1; ft j 
S hie yy purely empirica brie IOUS MISE ON ¢ iT 1 which are “i Crenl «wai adispvererw 
parts of the spectral sequence 


T he new Sustems of classification uhich will he descrihed here are distinguished by 
their use as criteria of the values of tivo or three parameters which can be measured 
empiru uly. and which remain unchanged throughout the whole of the spectral SEQ WeEnce 
to which the classification applies: it is their actual numerical value which charac 
terizes each star and class 

These new methods of classification, restricted so far to early spectral types 
Q-GO0), have several advantages over those used hitherto. We shall examine these 


by studying in turn classifications with two, and then with three, well-defined 


2. TWO-DIMENSIONAL CLASSIFICATIONS WITH WELL-DEFINED PARAMETERS 


2.1. 4, D-classification 
This classification was proposed in 1939 by BarBrerR and CHALONGE (1939) and 
further developed by CHALONGE and Divan (1952 

The two parameters used are the size and the position of the Balmer discon 
tinuity in stars of early type (O-GO0). The definition of the magnitude D of the 
discontinuity, as well as that of the wavelength A, which characterizes the practical 
limit of the Balmer series, has already been discussed in the above-mentioned two 
papers, but will be here briefly recalled. 


Fig. | shows a reproduction of a microphotometer tracing of a stellar spectrum. 


The lines A’ B’C’ and D’'E’ represent respectively the visible and ultra-violet continua 


D. 
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(the former is extrapolated); C 


‘and J’ are the points at wavelength 43700 A, and 
the Balmer discontinuity PD is the logarithm of the intensity ratio between C’ and D’ 


If we consider the curve AB’ D’, which is drawn through the points of maximum 
blackening between the higher order Balmer lines. then 2, is the wavelength of the 


point of intersection A of B’D’ with the line /K which is drawn so that the intensity 
iat any wavelength 2 on /K satisfies the condition 


/ DD 


log 


») 
/ 


where / denotes the relative intensity corresponding to a point on A’ B’, 
The determination of D and A, can be performed on spectra of low dispersion 
(250 4 


0 A per mm near Hy, compared with a dispersion of 125 A per mm which is 
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is always rather less when J is small 


necessary forthe MK system), and this with very satisfactory accuracy. The accuracy 
that is to 
sub types. 


say. for type O and the later F 


Hach star can then be represented diagrammatically in a plane by a point with the 


»u 


co-ordinates A, and DP), and in this Way stars are grouped together according to thei 
properties. B 


t it must be realized that each such (A, Y)-point can represent two very 


different types of stars, one of early spectral type (O or B, or the earlier sub-types 
of A), the other of later type (the later 


A sub-types, or type F) 


). For example, 
the representative point of a B3V star (in the MK-classification) may be coincident 
with one of ty pe FS5I11: but since it is generally easy to distinguish these cases from 
the general appearance of their spectra they can be plotted as distinct points on two 


separate diagrams, one of which is reserved for early spectral types and the other 
for the later ones (beyond the later A sub-types). 


If this A, D-classification were the only one in existence, the knowledge of the 
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values of the two parameters for a star would enable the star to be classified. But, 
in fact, it has been habitual for many years to classify the stars by means of the 


symbols used in the Harvard classification or the other systems derived from it 
such as the Mount Wilson, MK, efc. It is therefore useful to translate the numerical 
data of the A, D-classification into the symbols which are used in these other systems. 
This has been done both for the Harvard-classification (BARBIER and CHALONGE, 
1939) and for the MK -classification (CHALONGE and Divan, 1952). We will give here 
only the procedure for converting the 4, into the MK-system. 


Vi 
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In the two diagrams Cc yntaining the represent itive points ol early types stars 
Fig. 2) and of those of later type (Fig. 3), according to the 4, )-system, all the 
stars plotted have been assigned preliminary classes in the MK-system. 

It is easy to trace on each diagram a network made up of the following two sets 
of curves. Those of the first set. which run predominantly across the diagram 
separate the representative points of the stars in each of the sub-types O7, 
O9-5, BO, Bl, . . . F5. F8. The second set. which is roughly perpendicular to the 
first, is made up of curves of equal luminosity classes Ia, Ib, III], V. The number of 
stars observed has not been sufficient to determine precisely the limits of the classes 
If and IV: the corresponding stars have been represented by points near to the 
boundaries of the [b-ITI and III[-V regions. 
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These two diagrams are thus divided into a number of curvilinear quadrilaterals, 


each of which corresponds to a definite symbol in the MK-classification, representing 


spectral and luminosity class, and (because of the way in which the curves have 
been drawn) the representative points of the stars occur in the quadrilaterals corres 
ponding to the MK-classification. There are, in fact, certain exceptions, but they 
are rare and of small importance in the sense that points which lie outside the area, 
appropriate to their MK-classification, are nevertheless very near to it; and several 


of these cases were attributable to observational errors and have since been corrected. 


Diagram representing certain stars of ctral types between A3 and FS 
The arrangement and notation are similar to Fig. 2 


By determining the parameters A, and /) for a star not previously classified, and 
plotting them on one of the two graphs (Fig. 2 or Fig. 3), it is therefore possible to 
determine very simply its MK-classification. 

This discussion shows that the 4, D- and the MK-systems are entirely compatible. 
In view of the simple and objective character of the A, D-classification, this result is a 
justification of the more involved methods used by MorGan, KEENAN, and their 


collaborators. 


2.2. Advantages of the 2, D-classification 
Two of these advantages have already been indicated: 

(1) In order to classify a star it is sufficient to possess low dispersion spectra of it 
(250 A per mm); these must always extend into the ultra-violet to beyond the 
Balmer limit. 


1 


assifications with two or three parameters 


2) Measurement of the two parameters 4, and D gives automatically the classifica 


tion of a star in the MK-system just as well as in the 4, D-system. 
3) Examination of Fig. 2 and Fig. 3 enables the following important principle to 


be stated 
extent on one of the two diagrams (Fig. 2 or Fig. 3); that is to say, it corresponds to a 


each MK-symbol corresponds to a curvilinear rectangle of appreciable 


continuous distribution of stars having appreciably different physical characters. 
For example, under the symbol B3ILI are grouped stars for which the Balmer 
discontinuity can vary from 0-12 to 0-24, and /, from 3733 to 3748 (Fig. 2). The 
values of A, and D therefore define the properties of a star with much greater pre CiSION 
than does the MK symbol, and it seems that the A,D classification can be of great 
service in the comparison of stars having similar properties 

4) Finally, it is to be noted that the two parameters chosen are insensitive to 
reddening by interstellar dust. and it is therefore possible to classify reddened stars 


as well as normal ones.’ 


3. OTHER CLASSIFICATIONS 


: ] f { ) . 
; l ( lassification oOo Be ngt iNT OMmagdren 


STROMGREN 1951) has given a method of classification which is very close to the 

A, D system The two variables which he uses are photo electric parameters, one of 

which is equly ilent to the Balmez discontinuity, and the other to the total intensity 
H/ line 


t has been shown (BARBIER. CHALONGE, MORGULEFF, 1941) that the total inten 


f Hy and Hd are closely dependent on the parameters 4, and D, and it is 


sities of 


plausible that the same is true for total intensity of Hs. This result enables the 


prediction to be made that it may be possible to construct anothet method of stellar 
classification having two parameters, by substituting the total intensity of H/, 
Hy, or Ho for the variable /, in the A, D-system 

This demonstrates the equivalence of STROMGREN’S Classification and the A, D 
system ; STROMGREN’S Classification has the following advant iges: 

1) It substitutes for the empirical parameter 4, a quantity which has a well-defined 
physical meaning, the total intensity of a Balmer line 

2) Since it rests on photo-electric measures it is doubtless more rapid and probably 


permits a fainter limiting magnitude to be reached than does the 1,D svstem. 


3.2. Classification of Margherita Hach 
This is a practical realization. by a different method of observation, of the STROM 
GREN’S method. Mrs. Hack (1954) uses as one parametel D) and as the other the 
apparent central intensity of one of the first Balmer lines that can be measured on 
low-dispersion spectra. In point of fact, she has made measurements on the spectra 
used by CHALONGE and Divan (1952). The slit-width of the spectrograph was 
equivalent to 10 A at Hy, and the spectral impurity was great enough that the 
apparent central intensity could be considered to be an approximation to the true 
total intensity. Mrs. Hack prefers to use Hd, which is less often in emission than 
Hf and Hy, and enables more stars to be studied. 

In exactly the same way as D. CHALONGE and L. Divan, she has set up diagrams 


similar to the present Fig. 2 and Fig. 3, and has come to identical conclusions. 
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[t is very interesting to examine her curves and to see that the lines which separate 
the different luminosity classes converge towards stars of type O6—O7, showing that 
for these types there is only a single luminosity class.* 


re The De pe nde nice of these Classifications On the Prope rties of Hydroge M 


A deep reason for the advantages of the classifications which have been described 
above seems to be that, in order to find reproducible quantities which can be measured 
in the spectra of widely different stars, it has been necessary to use as basis hydrogen 
lines, or the continuous background which is also determined by hydrogen. These 
new Classifications depend therefore essentially on the properties of the element 
which is the most abundant in the stellar atmospheres, and hence must play a 


predominant part in the determination of the physical properties of their atmospheres 


t. THREE-DIMENSIONAL CLASSIFICATIONS 
Bh Criticism of the Pre Ce ding two dime nsional Classifications 


All two-dimensional classifications which use )) as a parameter have the property 
pointed out above, that each pair of values of the two parameters may represent two 
stars of different spectral type. This is very inconvenient because when D is near to 
its maximum, these two spectral types approach one another and tend respectively 
towards an early and a late A-subclass, so that the distinction between the two 
becomes difficult. 

Considering again the 4, )-system, the one which we have studied most, it would be 
very desirable to be able to differentiate the two types which represent the same 
pair of 2, D-values in this system, and in order to do this a third parameter is neces- 
sary. Hitherto the general appearance of the spectrum has served as an ill-defined 
extra parameter which enables the distinction to be made; a better choice will now 


be presented. 


$.2. Introduction of a Third Paramete 

The absolute gradient of the intensity in a given spectral region may be chosen as a 
third parameter, which can be measured and applied throughout the whole range of 
spectral types. For example, the absolute gradient ¢, which gives the colour tempera 
ture of the continuous spectrum in the blue-violet region (3800 A-4600 A) may be 
used. This parameter has the disadvantage of being very sensitive to interstellar 
reddening; we shall therefore consider only non-reddened stars. 

There corresponds to each star represented by a pair of (A, ))-values a well-defined 
value of the absolute gradient ¢,. The colour temperature corresponding to each of 
the two stellar types changes in a regular way as the (A,/))-point moves in the 
diagram, and the two values tend towards each other as )) approaches its maximum 


value. 


4.3. Surface Representation of Stars with M k-classification 
The above result can be expressed geometrically by saying that if a star is represented 
in three-dimensional space by points having the co-ordinates /,, D, and ¢, then the 


representative points # and E£’ of two stars for which A, and D have the same values, 


The phenomenon is less apparent in our Fig. 2 and Fig. 3 because here the scale of A, is too great 
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parameters 


and which therefore project on to the same point V7 of the 2, D-plane, describe two 
portions of a single surface X, as .V explores the (4, ))-plane (Fig. 4). 

The portion of © nearest to the 2, D-plane (smaller values ¢,) refers to spectral 
types OQ and B and to the earlier A sub types, all of which are represented in the 
two-parameter system by points in Fig. 2; the farther portion (greater values of ¢,) 
refer to the later sub-types of A and type F, which were previously plotted on Fig. 3. 


The two portions of © merge in the region corresponding to stars of class A. 


tigations have shown that for the earlier spectral types ¢, is a func 


tion ol spectra! type but pl ictically independent of luminosity class (see in parti 


‘ular BARBIER and CHALONGE, 1941 


It seems, however. t 


hat this holds in general for the various F-sub-types only 
between luminosity classes I | md \V 


fol supergiants ¢ appears to be less than for the 
other luminosity classes.’ 


Consequently, the intersections of the surface & with planes perpendicular to the 


AXIS are curves Ol equal spectral type (except for the type KF in the region referring 
the supergiants), and the projection of these 
gives the family of curves separating the various 
Fig. 3. In Fig. 4 the sections ¢ 


curves of Fig. 2 and Fig. 3 


intersections on the (A, D)-plane 
spectral subtypes in Fig. 2 and 
constant of the surface ©. which correspond to the 
are accurately drawn 
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It follows that consideration of the three parameters 2,, D, and ¢, makes it possible 
to characterize all the stars of the MK-classification without any ambiguity: they are 
represented by points on the surface ©. The earlier A-subtypes, which it was difficult 
to distinguish amongst themselves when using only the parameters 4, and D, are 
now well distinguished by the variable 4, (the points corresponding to the stars 
referred to here are those which fall into the small region of overlap of the graphs 


> 


of Fig. 2 and Fig. 3). 


t.4. Metallic A-Stars: the Pleiades 


The metallic A-stars cannot be classified in the MK-system because, according to the 
criterion used, they may be attributed to one or other of several quite different classes, 
for example, ALV or FOIII. For seven of these stars (¢ UMa ft, 15 UMa, 7 UMa, 63 
Tau, 75 Hvyades, 14 Ori, 16 Ori) JACQUES BERGER has measured the thre parameters 
hss D, and ¢,, and concludes that thei) represe ntative points all lie off the surface &, 
with the exception of ¢ UMa ft which has the character of a metallic-line star only 
to a very small extent. The points lie above the points of the surface which have the 
same values 4, and ); this indicates that their ¢, is too great (colour temperature too 
small) for them to be identified with stars classified in the MK-system. It does not 
seem possible to attribute this difference to interstellar absorption. 

It is therefore understandable that the metallic-line A stars cannot be classified 
in the MK-system ; the criteria of this classification refer exclusively to stars whose 
points occupy the surface &. 

In the same way the representative points of the brightest stars in the Pleiades, 
which have also been studied by JACQUES BERGER, appear to lie above this surface. 
i.e. their colour temperature is smaller than is normal for the (A,D))-values; but 
interstellar absorption could be involved here, and the question is therefore still open. 

Finally, it appears that the point for Sirius lies somewhat below the &-surface 


(2.¢. Sirius is somewhat too “‘blue’’). 


15. Stars of Population I] 


The MK -classification is concerned with stars in the neighbourhood of the Sun, that 
is to say, almost entirely with stars of population /, belonging to the almost planar 
sub-system constituting the arms of the galaxy, and we have seen that their repre 
sentative points are concentrated on the surface & defined above (with certain 
exceptions such as the metallic-line A stars). 

We shall now consider stars of population Il; and first of all RR Lyrae stars, 
which belong to one of the sub-systems of this population, having the most nearly 
spherical spatial distribution (PARENAGO, 1948). A.-M. FRINGANT has shown that 
in none of the phases of its cycle can RR Lyr be represented by a point on the surface X; 
its absolute gradient 4, always remains less than that for points of the surface which 
have the same values of 4, and D, which means that RR Lyr is always more “‘blue”’ 
than the corresponding star on ©. 

The three co-ordinates of several sub-dwarfs, which are members of another 
spherically distributed sub-system of population II, have also been determined. 
The stars which have been investigated are: BD 71°31, 72°94, 17°4708, 

14°6437, and HD 19445. The results for the first four of these have already been 
published (BERGER, CANAVAGGIA, CHALONGE, FRINGANT, 1953). Just as for RR Lyr, 


their representative points lie away from the surface and they, too, are more blue than 
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stars with the same A, and PD co-ordinates whose points would lie in the &-surface. 


Consequent ly, all the stars of population Il for which we actually have the three Ais 
D. and ¢, lie outside the surface % (which explains why they cannot be classified in 
the MK-system): their points lie below the upper portion of &. 


6. CONCLUSION 


The results which have been presented are as yet too incomplete for a general con- 
clusion to be arrived at with any certainty, but they seem to indicate that, by using 
three suitably chosen parameters, it is possible to set up a classification applicable to 


a much greater number of stellar types than are covered by the older classifications. 
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Two-dimensional Spectral Classification of F Stars Through 
Photoelectric Photometry with Interference Filters 


BENGT STROMGREN 


Yerkes and McDonald Observatories 
SUMMARY 
4 method of spectral classification of F stars through photo-electric photometry with interference 
lters is described. Two classification indices are determined, one measuring the strength of the H/ line, 
the other the Balmer discontinuity. Both indices are practically uninfluenced by interstellar redd ening. 
Results of observations with the 82-inch reflector of the McDonald Observatory in February and 
March, 1953, are compared with spectral classification by W. W. MorGan, with colour indices (B-V) on 
HAROLD JOHNSON'S system, and with absolute magnitudes from trigonometric parallaxes and spectro 
scopi daeterminations 
The photometric probable error one observation) of a (B-V) value predu ted from the two classification 


indices is 0006, corresponding to a probable error 0-02 of a spectral class. The photometric 
probable error (one observation) of a predicted value of the visual absolute magnitude M, is 0" 18. The 
comparison with the data mentioned above indicates that the influence of cosmical scatter on the 


predicted (B-V) and M, values is small, or negligible. 


Applications in the study of galactic structure are very briefly discusse¢ 


|. INTRODUCTION 
Metuops for two-dimensional spectral classification from low-dispersion spectra 
| | 
photographed with an objective prism were developed by B. LINDBLAD over twenty- 


five years ago. The classification was based on intensities of relatively strong line 
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features in the spectra which could be evaluated even in the case of the short 
spectra used. 

It should be possible to measure the intensities of such strong line features with 
the help of interference filters transmitting spectral ranges of half-width less than 
100 A, if the photometry were made photoelectrically. After a preliminary test 
carried out at the McDonald Observatory in 1948 (SrrROMGREN, 1950) had given 
promising results the author decided to investigate the possibilities of spectral 
classification through photoelectric photometry with interference filters in an 
empirical way. A photoelectric photometer with a filter-wheel containing twenty-six 
filters was constructed at the Copenhagen Observatory. Of the filters, twenty-five 
were interference filters made by Bausch & Lomb with transmission maxima in the 
range from 3800-5500 A, while one filter was a UV filter with transmission maximum 
at 3550 A. The half-widths of the interference filters ranged from 80-120 A. the 
maximum transmissions from 35-45 per cent. 

The filter photometer was tested at Copenhagen Observatory and then used 
extensively by Mr. K. GYLDENKARNE with the 32-in. reflector of the Observatoire de 
Haute-Provence. Measures were made for 110 standard stars of all spectral types 
for which spectral classes and luminosity classes had been determined by W. W 
Morgan. An analysis of the photometric material indicated that a number of 
intensity ratios gave indices useful in spectral classification (STROMGREN, 1951). 

For G and K stars a two-dimensional classification giving spectral class as well as 


luminosity class proved possible with the aid of the following intensity ratios 


(1) 4320/4240, which measures the discontinuity at the G-band. 
(2) 3910/4030, which is a measure of the K-line intensity. 
(3) 4240/4170, a cyanogen strength index. 


Kither the first or the second index can be used together with the third index for 
two-dimensional classification. The first two indices have the largest variation with 
spectral class, while the third varies strongly with absolute magnitude. The three 
intensity ratios correspond closely to ratios used by LINDBLAD and his collaborators 
at the Stockholm Observatory in their photographic-spectrophotometric classification 
work. 

The work on G and K stars has been continued by Mr. K. GYLDENKARNE, Copen 
hagen Observatory, with a photoelectric photometer attached to a 10-in. reflector. 
The results will be published elsewhere. 

The methods for classification of B, A, and F stars have been further developed by 


the author at the McDonald Observatory (STROMGREN, 1952). 


2. THE CLASSIFICATION INDICES 
While the measures made at the Observatoire de Haute-Provence had confirmed 
the conclusion reached earlier (STROMGREN, 1950) that a useful classification index 
could be derived with the help of interference filters at Hf and at a comparison 
wavelength close by, they indicated that considerably more accurate results couid be 
expected if a narrower Hf filter were available for the purpose. A dielectric Hf filter 


of half-width 35 A and maximum transmission about 75 per cent was obtained from 
Bausch & Lomb. When used together with a blue and a yellow filter, to cut out 
violet and red transmission, it gave a very satisfactory transmission curve. Two 
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metallic interference filters of the same type as those previously used served as com- 


ilters. their maximum transmissions being at 4700 A and 5000 A. The 


+) 
ik 


parison 


following index was used as a measure of the strength of Hf, namely, 


2-5 Jlfloe 1(4700) log 1(5000) log /(4861)! const. rey 


J 


where /(4700), 7(5000), and /(4861) denote the intensities measured through the 

two comparison interference filters, and the H/ interference filter, respectively 

Since the average of the wavelengths of the comparison filters is very close to 4861. 
he influence of interstellar reddening upon the index / is extremely small. This is 
juite Important. 

Measures of the Balmer discontinuity have proved very useful for spectral classifica 
tion (BARBIER, CHALONGE, and Vassy, 1935; OumMan, 1935: OumMaAn and IWANowSKA. 
1935: BARBIER and CHALONGE, 1939, 1941: CHALONGE and Divan, 1952). WILHELM 
BECKER in a number of investigations has demonstrated the possibilities of three 
colour photometry which includes one ultraviolet intensity strongly influenced by 
the Balmer discontinuity. Recent work along these lines include investigations by 
JOHNSON and MORGAN (1953) and by BARBIER (1952). BARBIER has shown empirically 
that it is possible to derive a quantity equal to the Balmer discontinuity from the 
intensities of the six-colour photometry of STEBBINS and WHITFORD (1945). 

For the purpose of spectral classification it is essential that the classification index 
in question has the following properties: (1) it must vary strongly with the Balmer 
discontinuity, although it is not necessary that it actually measures the discon 
tinuity: (2) it should be uninfluenced by interstellar reddening 

The use of interference filters makes it possible to select wavelength regions 
defining a Balmer discontinuity index relatively close to each other. They can be so 
chosen that interstellar absorption which follows the normal wavelength dependence 
does not influence the index. 

When the wavelengths are rather close together even a relatively marked change 
ot the absorption law (such as OCCUTS for instance, in the Orion region) will not lead 
to any marked variation of the index with the amount of interstellar absorption. 
It was found (STROMGREN, 1951, 1952) that a classification index formed from the 
intensities at 3550 A (a UV filter), 4030 A (interference filter between Hd and He). 
und 4500 A is a satisfactory Balmer discontinuity index. The Balmer discontinuity 


index is defined as follows 
c 2-5 $2 log 1(4030) log 1(3550) log /(4500 const. a 


Comparing the definitions of the indices / and C, equations | 1) and (2), we may note 
the extra factor 2 in ¢ as compared to /. This factor must be kept in mind when the 
photometric accuracy obtained in the measures of / and ¢ is discussed. 

From what was known observationally, and also theoretically, regarding the 
variation of the strength of Hp and of the Balmer discontinuity with effective 
temperature and gravity it was expected that the two indices / and c would yield 
satisfactory two-dimensional classification for B, A, and F stars. 

Measures made in November and December, 1951, with a photoelectric photo 
meter attached to the 82-in. reflector of the McDonald Observatory showed that very 
accurate two-dimensional classification on the basis of measures of the Hf index /, 
equation (1), and the Balmer discontinuity index c, equation (2), could actually be 
A, 


obtained for B. and F stars. 


V 
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The investigation was continued in February and March, 1953, with the same 
instrument. The filter set had been slightly improved in that noviol glass filters 
were used to cut out a weak ultraviolet transmission that had affected the measures 
with the 4030 and 4500 filters. Also the Hf interference filter was tilted somewhat to 
place its maximum transmission exactly at 4861 A. The following is a summary of 
the results obtained during the latter period on the calibration of the classification 
method for F stars. 

In the calibration programme sixty-seven F stars and a few A stars, G stars, and 
metallic line stars were observed. 

Most of the F stars in the Henry Draper Catalogue brighter than 5"'5 between 
5) and 16" right ascension and north of declination 10° were observed. 

The photoelectric photometry was carried out with a refrigerated 1P21 photo 
multiplier using a linear amplifier and a Brown recorder. The filter observations were 
arranged as follows. A sequence of seven deflections, 5000, Hf, 4700, Hf. 5000, Hp 
1700 was taken to determine the Hp index, the sky reading being determined 
separately for each filter. Seven deflections, similarly arranged, gave the Balmer 
discontinuity index. The total observing time for the determination of both indices 
averaged about 8 minutes. 

The interference filters, of course, reduce the star intensity considerably more than 
do standard glass filters. In comparison with standard three-colour photometry the 
reduction is about 3 magnitudes for the H/ filters, and about 2 magnitudes for the 
Balmer discontinuity filters. 

During the observing period in question interference filter photometry on the 
F star programme and other programmes was carried out on thirteen nights. Extine 
tion was determined on ten nights. The extinction proved to be entirely negligible 
for the Hp index /, as was to be expected. For the Balmer discontinuity index ¢ 
the mean extinction coefficient was found to be 0070. 

As the range in the value of sec z (z is the zenith distance) was a few tenths only 
for the great majority of the programme stars, the mean extinction coefficient was 
used for the reduction of the index ¢ to the zenith. 

For both / and ¢ night corrections, constant for each night, were determined and 
applied to reduce the results to a homogeneous system. Six standard stars were 
observed repeatedly to determine the night corrections. The average number of 
standard stars observed per night was 4:3. The mean of the night corrections without 
regard to sign was 0002 for the index /, ¢.e. quite small, and 0018 for the index c. 
Any variation in the extinction coefficient for ¢ (reduction from air mass | to air 
mass 0) from night to night is, of course, absorbed in the night correction. 

With very few exceptions the programme stars have been observed on at least two 
nights. The average number of observations per star, excluding the standard stars, 
is 2-9. 

The accuracy of the photometric observations was determined from the differences 
in the index values obtained on different nights (after application of the night 
corrections). The probable error of one observation of the Hf index / was found to be 

0"003, while a value of + 0008 was found for the probable error of one observa 
tion of the Balmer discontinuity index c. Recalling the factor 2 in the definition of 
c we see that the probable error is about 30 per cent higher in the c-photometry than 
in the /-photometry. This is undoubtedly due to the fact that the wavelengths defining 


the c-index are more widely separated than those defining the /-index and that 
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they include the ultraviolet, so that the c-index is more influenced by variations in 
atmospheric transmission. 


3. COMPARISON WITH SPECTRAL CLASSIFICATION BY W. W. MorGAN 


The results obtained were first compared with spectral classes and luminosity 
classes according to a recent determination by W. W. MoraGan. Table | gives the 
spectral classification and the values of / and ¢ for twenty F stars and for a few 


additional A and G stars. 


Table | 
ae - nd X : 1eX 
10] x Pet F5 ib O09? O™S4 1 
1069 36 Per 4 101 O-1LLO 0- S580 
1135 $1 Per Fd O- 106 - S32? 
1412 f? Ta A7 1 O-?07 0-978 
1543 7? On K6 (- OS4 0-434 
Y4s4 Gem Fj Q-Q97 0-53 
HGR (‘Ma FS La O- O64 O-6S8] 
85 Gen FO 0-132 0-650 
s1SS M G2 1b O-O25 0-351 
S579 FS v 0-098 0-512 
sO 1¢ UM KF7 IN O- O80 0-439 
S77 f UMa K6 IV 0-072 0-477 
SST3 fy GOTII 0-03] 0-392 
SSS UMa FY? 1 - 135 O-S]] 
$03] { Le FO 1-1 0-136 SOD 
$054 40 Le F6 IV O- O96 ()- 48 
$112 365 UMaA KS \ 0-064 0-368 
$4 \ il } Ss \ 0-062 0-402 
4885 rt f ! GO TI O- O38 - 364 
$93 | 78 UMa KF? 0-130 0-600 
4985 ( G0 0-060 0-354 
ISS B F7 \ 0-092 ()- 44 
$35 B A7 1 O- PO4 a. G89 
O54 $5 | Kd O- 104 0-494 
933 sel Fb \ - OSS 0-43 
HOS SO He KF? ta 0-09] 0-99] 


The results given in Table 1 are shown graphically in Fig. |. It is seen that there 
is a very close correspondence between MORGAN'S classification and the classification 
given by the indices / and c. Only two stars deviate, namely, HR 3579, which 
would be classified as of luminosity class IV from / and c, while MORGAN’s luminosity 
class, confirmed by the trigonometric parallax, is V, and 7 Boo, which would be 
classed as F6 from / and c instead of F7. It should be noted that the first-mentioned 
star is a close binary with AM 2m, 

With the help of Fig. 1 it can be estimated that the photometric accuracy of 

0003 (p.e.) in/ and + 0008 (p.e.) in ¢ should correspond to an accuracy of about 

0-02 (p.e.) in spectral class derived from / and c. This conclusion is confirmed 


through the discussion of colour indices. 


4. COMPARISON WITH COLOUR INDICES 


One of the aims of the present investigation was to develop a method that would 
yield accurate predicted colour indices for F stars. Accurate colour excesses could 
then be determined for a group of stars of higher space density, greater average 
distance from the galactic plane, and more even distribution than the group of B stars. 


The advantages in galactic research are obvious. 
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In order to test the accuracy with which a colour index can be predicted from the 


H/ index / and the Balmer discontinuity index c, photoelectric colour indices were 


measured for the stars for which / and ¢ had been determined. With the exception of 


the stars of luminosity class I and a few of the stars of luminosity class II the pro- 
gramme stars are all so close that interstellar reddening must be quite small. The 


measured values of / and ¢ can therefore be compared with the measured colour 


indices for the purpose of calibration and for a determination of the accuracy with 
which the colour index can be predicted from / and c. 

Photoelectric colour indices, in HAROLD JOHNSON S | B-V) system, have been deter 
mined for all the programme stars by Mr. PETER Naur. The 13-in. reflector of the 
McDonald Observatory was used for these determinations, made in February and 
March, 1953. The definitive results are not yet available, however, and in the present 
investigation provisional colour indices. also in HAROLD JOHNSON'S (B V) system, 
have been used. These were determined from the 82-in. interference filter measures 
themselves. use being made of the intensities at 4030 A, 4500 A, 4700 A, and 5000 A, 
For sixteen of the programme stars very accurate (B-V) colour indices were available 
iccording to measures at the McDonald Observatory by Harris and Harold JOHNSON. 


The colour indices for the rest of the programme stars were determined from the 


inear interpolation. From the accuracy with which the colour indices for the sixteen 
standard stars were reproduced, and from the agreement between the results 
ybtained on different nights it was concluded that the resulting colour indices have a 
probable error oO] OS O0068 (mean of 2:3 observations . The true probable error may 
be somewhat greater than this. Although the accuracy of NaAwuR’s colour indices 
Wil indoubted|y be bette it was felt that the provisional colour indices were 
sufficiently accurate for a significant test of the colour indices predicted from / and c. 
Fig. 2 shows the programme stars in an (/-c) diagram, with the (B-V) colour index, 
in units of one-hundredth of a magnitude indicated above the dot corresponding to 
the stal The absolute magnitude is given below the dot: see the following section. ) 
Colour indices are not given for the stars of luminosity class | and II that may be 
appreciably reddened by interstellar absorption. Also, a few binaries with Am less 
than 3™ have been omitted. 

It is seen that the correspondence between / and c, on the one hand, and (B-V),. on 
the other, is quite close. The calibration and the quantitative test of the accuracy 
with which B-V can be predicted from / and ¢ were carried out as follows. The stars 
were divided into two groups according to whether the H/ index / was smaller or 
larger than 122, cf. Fig. 2. In the group with / 122 stars with (B-V) 0''53 were 
included. Beyond this limit the strength of the hydrogen criteria tends to be too 
small for accurate prediction of the colour from 1 and c. In this group twenty-seven 
stars with known /, c, and (B-V) were available. In the group with / 2? the limit 

B-V (28 was chosen, and fifteen stars were available. 

For each of the groups a linear expression for (B-V) in terms of / and ¢ was assumed, 

und the coefficients determined from a least squares solution. For the group with 


[22 the following expression was derived, 


B-V 0677 1-760/ 0-164¢. aes 


This expression reproduced the (B-V) values with residuals that gave a probable 


error of one difference, observed minus predicted colour index, equal to + 0" 009. 


nown colour indices, using the interference filter intensities, through a process of 


BENGT STROMGREN 1343 


@. 22 
@ 0-6 33 
” Tr) 
200 Ob 2 
| 
| 
oF 
L 34 met 
e 
e 
35 met 
* 
e 
bg 4 
; ; ° 
SO} * 
| 2¢ 
32 ; 
e 
—_ ca 
} e . ; 1% 
30 as 2:0 e = 
> e 2 ; 
be 33 32 aH * ° 
cy - aoa 
| 4 24 ' ® 
e 
| oS, 
o38 34 
| e Zs t 
7 4 584° 
JOL. P , 
4 


1956 | ? "es ux 


43 ie as 4 4 
47 é ©. yo 4 
S ; . 
Le iS 2 
° 
* 
ce 4 
° 
° 
} 24 4 
Cee d 
* s ¢ 
7 Py 4 
| * ‘ 
| e 
so} : 
| 
e 
e 
4 
- e 
} 
ol CORE ERE es He es ve ae es FH Cnt RTS Sl nt SS A YO Oa eC as Oe Pe 
1000 90C 80 ] 6c 50C 400 3 


} 


Fig. 2. The relation between the photoelectric classification indices / and c, and colour 


indices and absolute magnitudes. The latter were derived using trigonometric parallaxes, 
MorGAN’sS spectral classification, and the catalogue by Abams, Joy, HumMason, and 
Brayton (Ap. J., B1, 187, 1935). Metallic line stars are indicated by met. | 


For the group with / 122 the range of / and ¢ is so relatively small that the 
coeticients of / and c are not very well determined. However, the expression repro 
duces the observed (B-V) values within this range quite well, the probable error of 
one difference, observed minus predicted colour index, being + 0009. 

The photometric probable error of a (B-V) value predicted according to equation 
3) can be found immediately from the known probable errors of one observation of 

land c. + 0@003 and O O08, respectively. It is 0006 for one observation. 

The probable error for the mean values, corresponding to 2-3 observations, is 

(VPOOA 
The probable error of the proy isional colour indices utilized was estimated above 
be OSO0b6, | ombining the probable errors for the observed and the predicted 
\V). the probable error of one difference is found to be O"'007. This is 
somewhat less than the value determined above, or O"009, indicating that the 
ter value may be somewhat increased by cosmical scatter in the relation between 
ind (B-V). However, the explanation may also be that the accuracy of the 
provisional colour indices is somewhat less than that indicated by the probable error 

0''006. When the definitive colour indices referred to above are available i may 

le possible to settle the question 
is sate to conclude that the cosmical scatter in the relation between /. c. and 
is quite small, corresponding to a probable error considerably less than one 
of a magnitude. This is in agreement with a conclusion reached by the 
ior (STROMGREN, 1952) from a previous discussion of a smaller material. Also, 
conclude that one observation by the (/- method vields a colour excess for 
tars with a probable error nearly equal to one-hundredth of a magnitude. 

The photometric probable error of a predicted B-V value (one observation) of 

O"906 corresponds to a probable error of 0-02 of a spectral class, a value in 
agreement with that estimated from Fig. & 

From the theoretical point of view it is understandable that the cosmical scatter 
in the relation between /, c. and (B-V) is small for the F stars. The relation is quite 
insensitive to possible variations from star to star in the relative abundances of the 
elements. This is an advantage characteristic of a method of classification based on 
hvdrogen criteria alone. In this connection the high classification accuracy obtained 
by D. CHALONGE and LUCIENNE DIvaAN (1952), using the Barbier-Chalonge method 
based on photographic spectrophotometry of the region around the Balmer dis 
continuity, should be mentioned. 

It may be noticed that the three metallic line stars measured fall outside the region 
of the (/-c) diagram in question and that stars of this type therefore do not give rise 
to any difficulties here. 


5. COMPARISON WITH ABSOLUTE MAGNITUDES FROM TRIGONOMETRIC PARALLAXES 
AND SPECTROSCOPIC DETERMINATIONS 

We shall now turn to the question of the determination of visual absolute magni 

tudes WV, from the indices / and c. The discussion is based upon values of VW. derived 

from trigonometric parallaxes, and from MORGAN’s spectral classification. Weighted 


means between the trigonometric and spectroscopic values were adopted, the relative 


weights depending, of course. upon the size of the parallax. The relation between 


J 


il. c. and WV. is shown in Fig. 2 
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Again, for a quantitative discussion of the relation the material was divided into 
two groups with / 122, and linear expressions for WV, in terms of / and ¢ were 
assumed. For / 122 it was found that the following linear relation reproduces the 


observed WV. values within their observational errors, namely. 
M Cats 39-2] 18-2c. ee) 


The residuals gave a probable error for one difference, observed minus predicted 
absolute magnitude W,, of + 025. This corresponds to the probable error of the 
adopted W, values, and there is then no evidence of cosmical scatter in the relation 
between W.. /, and ec. 

From equation (4) and the known probable errors of one observation of / and c it 


follows that the photometric probable error of the .W,, value predicted from / and c 


(one observation) is + 0718. The corresponding probable error for an average 
programme star (2:3 observations, cf. above) is OP rs. 
For the group with / [22 a linear expression is also satisfactory, but the coeffi 


cients are not very well determined because the range of variation in / and ¢ is small. 
The observed values of .W. are reproduced with residuals corresponding toa probable 
error of one difference, observed minus predicted, equal to + 04. The somewhat 
larger value is connected with the fact that the observed values of .W.. because of the 
smaller trigonometric parallaxes, are less accurate here. 

We may note in passing that the position of the metallic line stars in the (/-c) 
diagram if taken at its face value corresponds to smaller luminosities than the main 
sequence stars of the same Balmer discontinuity. 

The photometric probable error of the 7, value predicted from one (/-c) observa 
tion is so small that more extended observations are required to test the ultimate 
possibilities of the method. Although the results of the present calibration may be 
satisfactory for some purposes, a more accurate calibration based on trigonometric 
parallaxes (and possibly proper motions and radial velocities) for a much larger 
number of programme stars would be very desirable. Also, applications of the 
method to stars in galactic clusters might lead to valuable results 

It is outside the scope of the present paper to discuss applications of the classifica 
tion method. It may be mentioned, however, that Mr. DaANnieL Harris and the 
author have tackled the problem of determining the interstellar reddening as a 
function of distance in the direction of the galactic pole from colour excesses of F stars. 
Mr. Naur, Mr. Harris, and the author have made preparations (through determina 
tion of rough spectral types and photoelectric colour indices of stars down to 11™ 
for a similar study in the region of the Taurus nebula. A long range programme of 
colour excess determinations for a large number of K stars nearer than 400 parsecs 
for the purpose of charting interstellar absorption in this region of the galactic 
system, is contemplated. 

[ am grateful to the Board of the Observatoire de Haute-Provence for the oppor 
tunity given to Mr. GYLDENKARNE to use the 32-in. reflector at an early stage of the 
investigation of the possibilities of the interference filter method of classification. | 
wish to express sincere thanks to Mr. Harris and Mr. Nar for their valuable help 
during the observational work with the McDonald 82-in. reflector, and to Mr. PER 
O.tor LinpBLaAD for his effective assistance in the reductions. Mr. A. F. TuRNER, 
Bausch & Lomb Optical Co., put at my disposal the excellent H/ filter used. I am 


particularly indebted to Mr. W. W. MorGan for communicating results of his spectral 
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lassification work in advance of publication, and for 


throughout this investigation. 
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Luminosities of the B Stars from Spectroscopic Measurements 


m. MM. 


lL. INTRODUCTION 


THE great intrinsic brightness of stars « 


interest and value to astronomers. 


PETRI 
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Mf spectral class B renders them of special 


Because of their high luminosities we may observe 


them at great distances from the Sun and indeed we depend upon them for explora 


tions of the galaxy, to determine its motions and dynamical properties, and to probe 


the interstellar clouds of Vas and dust. 


ing, among the most massive of the stellar population 


enormous output of energy 


structure and stellar evolution 


In addition, the B stars are. 


generally speak 
this fact coupled with the 


makes them of special interest to students of stellar 


It is obvious that our investigations will be hampered unless we have a reliable 


means of assigning distances to the B stars or. alternatiy ely .a method of determining 


their luminosities. 


The great number of researches during the past three decades 


testifies to (he importance of the problem and is also a tribute to its difficulty. We 


require for many explorations a relatively accurate assignment of absolute magnitude. 
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For example, consider stars at a distance of at least LOOO parsecs. The errors in 


assigned distance, r, caused by an uncertainty, A.V, in the absolute magnitude is 


. F ry . 
given by Ar > AM. Thus, unless the absolute-magnitude error is reduced to a 


few tenths, our distances will be in error by several hundred parsecs. We have not 
yet attained to the accuracy required for many applications, and it is the purpose of 
this article to describe an attempt to improve the assignment of luminosities to the 
B stars. The accumulation of spectroscopic and colorimetric data during the past 
decade demands that every effort be made to improve the distance assignments in 
order fully to exploit the observational material. 

It may be stated at once that the direct measurement of the distances, /.e. the 
method of trigonometric parallaxes, fails for individual B type stars. It is easy to 


see why this must be so. Consider an average “nearby” star of spectral class B3 and 


apparent magnitude 5. The absolute magnitude may be expected to lie between 
1-5 and 2, in which case the annual parallax is about 0-005, Since the probable 
error in the parallax is probably about 0.006, the direct method is doomed to 


failure in individual cases, although it may provide mean values for some statistical 
purposes. 

The “mean parallaxes” as derived from the proper motions do not supply the 
desired information. The large range in luminosity encountered among the B stars 
and the small sample usually available preclude the use of mean parallaxes in any 
detailed analysis of the spectroscopic data. We wish rather to be able to assign 
distance to the individual stars observed for spect ral type, radial velocity and colour 
and are thus impelled to seek a luminosity criterion in the spectra of the stars being 
studied. The time-honoured method of so-called spectroscopic parallaxes seems to 


offer the most promising route to our goal. 


2. PREVIOUS CALIBRATIONS 
Before describing the work being carried on at Victoria, a brief review may be 
given of some of the earlier proposals for determining the spectroscopic luminosities 
of the B stars. Luminosity criteria were first investigated at the Norman Lockyer 
and Mount Wilson Observatories (EDWARDS, 1922; ADAMS and Joy, 1923) with the 
result that a separation of the spectra according to the degree of sharpness of the 
lines gave useful results. It was found that for a given spectral subdivision, the 
sharp-line spectra on the average, were associated with the brighter objects. This 
pioneer work was followed by a number of investigations employing similar methods 
or using the ratios of certain pairs of sensitive lines as luminosity criteria (e¢.g. 
EpWARDS, 1927, 1928, 1930; LINDBLAD and SCHALEN, 1927). Usually line charac 
teristics were estimated visually and the results were standardized by using absolute 
magnitudes based upon mean values of trigonometric parallaxes and some moving 
cluster distances. A significant change in method was introduced about 1929 when 
a number of investigations showed that the strength of the hydrogen absorption 
in early-type spectra was closely related to the stellar luminosity over the range 
from BO to at least A5 (E. T. R. WinitiaMs, 1929: ANGER, 1930; GUNTHER, 1933: 
KE. G. Witurams, 1936b: Rupnick, 1936). The most luminous stars were found to 
have relatively weak hydrogen lines in their spectra while wide intense hydrogen 


absorption was the mark of the ordinary main-sequence star. An example of the 
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relation is given in Fig. | for the B stars of the Orton and Pleiades clusters. Lt is plain 


that a correlation exists: no assumption about the distance is made so that a shift 


in ordinates is required to make the curves absolute. There can be little doubt how- 
ever of the value of hydrogen absorption as an indicator of intrinsic brightness. A 
number of investigations during the last twenty years has made it clear that the 
broadening of the absorption lines of hydrogen with decreasing stellar brightness is 
produced by increasing pressure in the stellar atmospheres. We can predict the sort 
if relation shown in Fig. 1, but, unfortunately, we cannot yet draw the curve nor 


fix its zero-point from physical theory. Fig. 2 gives other examples. 
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Fig. | The apparent magnitudes plotted against hydrogen absorption for members of 
two galact isters. Since all the members of a star cluster are nearly the same distance 
is, the correlation is demonstrated by plotting the two directly observed quantities, 


hvdroger ne-strength and apparent brightness 


An extensive modern development of spectroscopic parallaxes has been made at 
the Yerkes Observatory by Morgan, KEENAN, and KELLMAN (1943) and MoRGAN 
and KEENAN (1951). The method employs a visual inspection of the appearance of a 
number of spectral lines, allowing one to place the spectrum in a two-dimensional 
array of standard spectra. The two dimensions are spectral type and luminosity class. 
The calibration of the luminosity classes is performed by the use of galactic star 
clusters, trigonometric parallaxes, mean parallaxes, galactic rotation, and interstellar- 
line absorptions. 

Another recent development is the recognition, based upon the work of INGLIS 
and TELLER (1939), that the number of lines visible in a spectral series is a measure 
of the electron pressure and hence, in the stellar case, of luminosity. The application 
was suggested by UNsSOLD and StRUVE (1940) and has been used by Miczarka (1951) 
quite recently to determine absolute magnitudes of B stars. 

After this brief and necessarily incomplete outline of the spectroscopic methods 
used to determine the luminosities of the B stars we give an account of the method 
developed at Victoria. The differences from the previously described methods are 
twofold: first, only the measured strength of hydrogen absorption lines is used and, 


second, rather severe limits are placed upon the material used for the calibration. 
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It is considered that the determination of the strength of an absorption line by 


spectrophotometric measures is a distinct improvement in accuracy over the visual 
estimation. The effects of stellar rotation, of exposure and development, and even of 
the guiding of the telescope during the exposure, produce changes in the appearance 
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Fig.2. The region of Hy in the spectra of three B 


stars. 

The intensity records show clearly the remarkable increase in the hydrogen absorption 

from the supergiant HD 14134 to the dwarf ADS 12093A. This variation cannot be fully 
appreciated from a visual Insper tion of the spectrograms 


of the line which are difficult for the eye to recognize. As an example Fig. 3 shows 
spectra of the stars « Herculis and » Tauri. The sharp lines in the spectrum of ¢ 
Herculis and the rotationally broadened features in the spectrum of 7 Tauri look 
quite different. Nevertheless the total absorptions are much the same and the stars 
have about the same intrinsic brightness. The other spectra in Fig. 3 also exhibit 
the difficulty of appraising the total absorption by visual inspection. 

A second disadvantage in the visual estimation is the inevitable grouping together 
of stars into rather gross divisions. For example, in the Yerkes system, all the super- 


giants of type la in the spectral range Bl to Bs are assigned absolute magnitude 


B stars from spectroscopic measurements 


7-0, and the next group, Lb, D8 to 6-0 (MORGAN and KEENAN, 1951). On 


the other hand, the measurement of a feature like Hy by spectrophotometric tech- 


niques provides a continuous run of luminosities, which is probably to be preferred. 


4267 (Cll) H 4388 (Hel) 


4388 (Hel) 


3. THe Vicrorta CALIBRATION 

Phe choice of objects for calibration purposes is a difficult one, because of the 
scarcity of B stars for which one can claim a reasonably good knowledge of distance. 
One wishes to place the distance scale on the same S\ stem as the fundamental trigo 
nometric parallaxes although, as we have seen above, individual parallaxes of this 
kind cannot be used. Weare forced to exclude also the distances derived from galactic 
rotation effects and interstellar absorption because our system will, ultimately, be 
used to investigate these phenomena. The Victoria calibration is based therefore 
upon the distances (or absolute magnitudes) of standards adopted from the following 
objects. 


1) Galactic Clusters. For the galactic clusters. the Pleiades. the Perseus stream. 
and Orion, the mean of the trigonometric parallaxes of individual member stars may 
be used. These can be supplemented by spectroscopic parallaxes of cluster members 
ot spectral type later than B7. If the spectra lie between BS and A3 a Victoria 
calibration of the A stars is used (PETRIE and MAUNSELL, 1950), while for stars of 
the later types one may use the “classical” systems of Mount Wilson (ADAMs, 
Joy, et al., 1935) and Victoria (YOUNG and HARPER, 1924). Spectroscopic parallaxes 
were used exclusively for Messier 35 and I.C. 4665, and supplemented the trigono- 


metric parallaxes for Orion and the Perseus stream. The Scorpio Centaurus cluster 
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was used, also, adopting the absolute magnitudes derived by BLaauw (1946) from 
the observed motions. (Galactic clusters furnished fifty-nine standard absolute 
magnitudes. 

(2) Visual Binaries. A visual binary may be regarded as the limiting case of a 
cluster and a number of them (fifteen) were adopted as standards from the spectro 
scopic parallaxes of the later-type components. Once it is ascertained that a visual 
binary is indeed a physical pair, a reliable absolute magnitude standard should result. 
One advantage is that the spectroscopic absolute magnitude of the secondary com 
ponent is used and the value for the B-type component is therefore independent of any 
assumption of the exact value of interstellar absorption. 

(3) Kelipsing Binaries. The dimensions of a number of eclipsing binary stars are 
known from the combination of spectroscopic and photometric orbital data. Adopting 
a stellar temperature scale* one may then calculate the absolute magnitudes without 
any reference to distance measures or to extinction of light in space. The eclipsing 
binary systems are regarded as excellent standards and, in all, twenty-five of them 
were used. 


The above standards, when plotted against the equivalent width (total absorption) 
of Hy, showed a well-marked correlation. The details of combining the individual 
stars into mean points and the measurement of the equivalent width of Hy are given 
in a recent publication (PETRIE, 1952). The mean values of the groups are given in 
Table 1. It has been found convenient to fit the points by an exponential relation 


which becomes 


M 10-96 


where 7, is the value of the absolute magnitude corresponding to an equivalent width 
of Hy of value W. The fundamental information is, of course, the entries in the 


» 

ye 
) 

O-GUO 


O-19 


first two columns of Table 1, and one may draw any chosen curve through the mean 


points. However, the exponential form fits the points well and offers certain possible 


advantages (PETRIE and MAUNSELL, 1950). It is the curve drawn in Fig. 4 and gives 
the residuals shown in Table 1, last column. 

It is scarcely to be expected that one and the same curve will serve for all stars 
of class B because the strength of the hydrogen absorption varies with temperature 
as well as with pressure (luminosity). A small spectral-type effect was indeed found 
from our data and was allowed for in deriving the calibration. The corrections are 


small and when smoothed are found to be: BO, 0-3: 52, 


* The scale, for example, given by KUIPER (1938) may be used for this 
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B7, 0-0. These corrections are to be applied to the values of VW, read from the curve 


to give VW... the spectroscopic absolute magnitudes. 

The smallness of the spectral-type corrections demonstrates the great sensitivity 
of the hydrogen lines to pressure effects in the hot stars. This confirms the remark 
made years ago by E.G. WILLIAMS (1936b) that “. . . H-line intensity bears a much 
closer relation to absolute magnitude than it does to Draper type’. Thus for the 


majority of B type stars the expected decrease in hydrogen absorption as the 
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temperature rises from B7 (13,000°) to BO (25,0007) is largely compensated by an 


increasing broadening influence, presumably the electric field in the stellar atmosphere. 


$f, ACCURACY OF THE CALIBRATION 
It is possible to make some tests of the accuracy of the system of absolute magni- 
tudes set up here, as follows: 

(1) Trigonometric Parallaxes. In all there are fifty-three stars which have been 
measured at Victoria and are included in the latest parallax catalogue (YALE, 1952), 
Of these only thirteen entered into the standardizing of two clusters. The mean 
difference from the fifty-three comparisons is 


Te 7. OL 002 02004. 


Thus the Victoria system is in satisfactory agreement with the trigonometric 
parallaxes. 

(2) Eelipsing Binaries. Although the eclipsing systems were used in the calibra- 
tion, they bore but one-third of the total weight and are of some value in testing the 
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spectroscopic values against the computed luminosities. From twenty-five stars we 
find the mean difference 
M M ()- 0 ()- | 
which is again satisfactory. 
(3) Scorpio-Centaurus. The Scorpro-Centaurus group has been studied by BLAAUW 
as a moving cluster and absolute magnitudes are given by him for the members 
Krom eight stars we find 


M V (be t)ey ()-()7 


The tests so far applied confirm the system set up here. An additional independent 
test will be made when a larger number of stars have been measured. It will then be 


possible to derive mean parallaxes from the proper motions of stars assigned spectro 


scopic values and make a comparison. For the moment we may accept the above 
tests as favourable. 

The accuracy with which the hydrogen criterion can point to the absolute magn 
tude is a matter of some importance, for, until we can fix the luminosities of individua 
KB stars with some precision, many of our conclusions must remain uncertain, and 
much of our observational material lie fallow \t the present we can give only lower 
limits to the expected accuracy Krom the ninety-nine stars employe d as standards 
we find a scatter about the mean curve such that the probable error is 0-33 


magnitude for one star of average weight. Observationally, this is made up of errors 
in the measurement of Hy and, more serious, uncertainties in the assigned standard 
absolute magnitudes. The former may be estimated from plate comparisons and 
turns out to be about 5 per cent in Hy for the mean of two single-prism spectra 
This is equivalent to 0-2 magnitude, leaving about 0-26 to be accounted for 
The average uncertainty in assigning the standards is believed to be at least 0-3 
magnitude and thus the observed scatter is fully accounted for by observational 
error. But we must not be too hasty in assuming that Hy is the perfect criterion 

there are a few large discrepancies that may not be explained away very easily and 
there may in fact be an intrinsic spread in luminosity for a given hydroger absorption 
The question is a difficult one because of the lack of accurate observational data. It 
would appear to be of sufficient importance to justify further study: on the observa 

tional side better information as to magnitudes and extinctions of cluster members 
as well as more accurate line intensities; on the theoretical side more study of the 
production of the absorption lines in stellar atmospheres and their behaviour under 
different conditions of surface gravity, temperature, and chemical abundance. 
Certainly there are no grounds for complacency at present, but, if it could be estab 

lished that hydrogen absorption is an accurate measure of luminosity, sufficiently 
precise spectrophotometric measurements would be forthcoming and the prospect 


of a significant advance in galactic studies would be before us. 


5. CONCLUSION 
The luminosity scale set up at Victoria is in fairly good agreement with the early 
results although it assigns greater brightness to the B stars, on the average. Excellent 
agreement is found with the absolute magnitudes derived by EK. G. WiLutams, the 
only other calibration employing objectively measured line intensities. The only 
disturbing comparison is with the modern Yerkes system (MorGAN and KEENAN, 


1951). We agree well, on the average, for the supergiant stars but the Victoria 
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system, from sixteen stars in common, is almost one magnitude fainter for the 


main-sequence’ objects. This is a serious discordance and must in the future be 
resolved by further comparisons and study of the standardizing absolute magnitudes. 
In closing it is appropriate to mention some proposed applications of this work : 


|) The assignment of distances to several hundred B stars whose spectra are 
being obtained at Victoria for radial-velocity measurements. The galactic rotation 
effects will thus be available at better known distances from the Sun. As the work 
progresses it is expected that group, or streaming, motions may be distinguished and 
possibly some phenomena connected with spiral structure may be encountered. 

(2) The exploration of the interstellar gases and dust, with greater certainty and 
in greater detail. The distance dependence of the interstellar-line absorption should 
be better determined with the aid of the new calibration. 

3) The discovery and investigation of stellar associations of the sort recently 
announced by BLaauw (1952) to be expanding. The problem is of importance in 
studies of stellar origin and evolution, and requires further spectroscopic data. Here 
the greatest accuracy is required in the absolute magnitude assignments if we are to 
place confidence in the observational material. The present accuracy cannot be said 


to be satisfactory for this purpose. 


The first list of absolute magnitudes determined by the Victoria calibration is 
given in Table 2. Included are the stars for which Hy intensities were measured by 
E.G. WILiiaMs (1936a),. and a few others extracted from the literature. The distri 
bution of luminosities is given in Fig. 5 in a Russell-Hertzsprung diagram. The 


stars used in the calibration are included in this diagram. 
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Fig. : The Russell-Hertzsprung diagram from the spectroscopic luminosities of B stars. 

he “‘supergiants”’ are shown as open circles, the distinction being made arbitrarily. The 

luminosities, in units of the Sun, are indicated on the right-hand margin. The broken line in 

the lower right corner marks the course of the “‘main sequence’’, as generally accepted, for 

spectral types B8 and later. The distribution of supergiants among the sub-types probably 
reflects inadequacies in the classification rules for very luminous stars. 


Table 2. Spectroscopu {hsolute Maaqnitudes of 124 B type Stars 


1900 
Intensity 


ype of H 


' Pegs 


AO Cass 


¢ Cass 3360 
7m Andi 3369 
3379 
4180 


Se et ee ee 


vy Andt 6727 


9311A 
9311B 
1241 
1415 
3402 
3841 
3854 


0] 


3866 
B9U00 
$153 
$143 
14357 
14818 
14956 
15497 
L5690 
22928 
23180 
25799 
PS446b 
284461 
20376 
29763 
S0614 
30675 
SOS836 
3iZat 
31327 
$2343 
32630 
32641 
SZO86 
/Z Krid 33328 
KO Auri 34333 
r Orio $4503 
34816 
o Orio 35039 
35149 
352909 
35411 
35468 
35715 
35777 
36262 
36267 
y Auri 36371 
36512 
36822 
4! Orio ; 36862 
¢ Taw : 37202 
« Orio ‘ 38771 
57 Orio 5 ; 39698 
139 Taur ; P ‘ 40111 


* Intensities given by Kk. GQ. WILLIAMS are indicated by an asterisk 
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Luminosity Classification of Stars of Late Spectral Type from 
Spectra of Moderate Dispersion 


JOHN F. HkeaRD 
David Dunlap Observatory, Richmond Hill, Ontario, Canada 

SUMMARY 

Extensive classification has been undertaken, on the MK system, of spectrograms of G and K type 
taken at the David Dunlap Observatory for radial velocity determinations. An oscilloscopic micro 
photometer which was developed at this observatory has provided a rapid means of effecting classifica- 
tion to a decimal subdivision of the MK luminosity classes. Tests indicate that the probable error of a 
luminosity obtained by this method is about one-tenth of an MK interval. 


|. CLASSIFICATION BY THE MK System 
For some years the greater part of the observing time of the 74-in. telescope of the 
David Dunlap Observatory has been devoted to obtaining spectrograms of stars of 
later spectral type for radial velocity determinations. These have been obtained 
with a single-prism Hilger spectrograph fitted with camera lenses giving dispersions 


of 66 A per mm and 33 A per mm. High contrast emulsions were used for the most 
part, and the stellar spectra were rather narrow, 0-2 mm and 0-4 mm respectively, 
for the two dispersions. It had always been planned that these spectrograms would 
be used also for luminosity determinations, and to this end comparable spectrograms 
of the brighter stars have been obtained, particularly the MK standard luminosity 
stars and the Yale parallax stars. 
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When it came to making a decision as to what system of luminosity determination 
should be followed, it appeared that the MK system could be adapted to our material. 
However, the criteria recommended in the “Yerkes Atlas of Stellar Spectra” are not 
all well suited for our spectrograms which are of higher dispersion and narrower than 
the Yerkes spectrograms. Many of the broad features, involving general appearance 
of certain regions stressed by MorGAN and his associates, are lost at the higher 
dispersions of 66 and 33 A per mm, but, on the other hand, certain line-ratio criteria 
are better resolved and more usable. For example, on our plates the cyanogen 
“break” at 24215 is of little use, but the line ratio 4233/35 is excellent. The necessity 
of putting greater reliance on line ratios puts the 33 A per mm dispersion at a con- 
siderable advantage over the 66 A per mm on account of the improved resolution. 
For example, the ratio 4455 62 is good at 33 A per mm but seldom usable at 66 A per 
mm. Apart from this modification in favour of specific line ratios, the general method 
of classification recommended by MorGAN was adhered to. namely, to make an 
approximation to the spectral and luminosity classification from remembered criteria 
and then to make the final classification by careful comparison with standard spectra, 
using the criteria most sensitive in the appropriate region of the spectral-luminosity 
array. 

Employing the MK system in this manner, Miss BARBARA CREEPER and Mr. [AN 
HALLIDAY have completed the classification of the spectra of a programme com- 


prising all stars in Yale Zone 25° to 30° which have not been previously 


observed for radial velocity and which are brighter than 9™0 photographic and of 


HD spectral tvpe GO and later. The classifications will be published along with 
the radial velocities of these stars and new determinations of their apparent 


niagnitudes. 


HALLIDAY also classified all the stars of HD type GO and later of which spectro 
grams with dispersion 33 \ pel eepee! have been taken at this observatory. These 
stars include ninety-six which have been classified from Yerkes and McDonald 
spectrograms by Miss Roman. The agreement is good; as regards luminosity, 
twenty eight differ by a fraction ofa class and four by a whole class. the rest agreeing 
precisely, 

HALLIDAY wished to utilize his luminosity data for a new study of the luminosity 
functions for the stars of types GS to K1. It soon appeared that if he was to obtain 
significant results he would need to attempt to classify for luminosity with greater 
precision than is usual with the MK system. Whereas the MK system favours dis- 
crete classes and possesses error dispersion difficult to estimate, the required system 


should possess a continuous character and error dispersion which can be calculated. 


2. USE OF THE OscILLOscoPpIc MIcROPHOTOMETER 


Meanwhile, Dr. W. R. Hossack (1953) had designed and built at this observatory 
a new type of oscilloscopic microphotometer which, it seemed, might be adapted to 
luminosity determination. This instrument is capable of presenting simultaneously 
on the same screen density traces of two spectrograms, one directly above the other. 
The scales representing densities can be changed individually by means of dials 
controlling the circuits, and this provides a means whereby readings representing line 
ratios can be obtained very rapidly. To assess the applicability of the instrument to 
determination of luminosity, Hossack (1954) chose a number of spectrograms of 
33 A per mm dispersion which had been classified as KO and K1 on the MK system 
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and obtained readings of the line ratios of four of the most suitable luminosity 
criteria. For each of these criteria he plotted the readings of line ratios against the 
luminosity classes of the stars as obtained by visual comparison with standards on 
the MK system. In this way he proposed to obtain luminosity calibrations of the 
instrument readings which would be tied to the MK system at MK luminosity classes, 
Il, 111, LV, ete., and which, at the same time, might justify interpolation between the 
classes to a tenth. Particular care had to be taken to cope with two difficulties, 
namely, (a) systematic effects arising from differences of photographic density from 
one spectrogram to another, and (b) the problem of how to establish the statistically 
correct regression curve relating luminosity class to instrument reading. 

To avoid confusion we may write the luminosity classifications derived in this way 
in Arabic numerals and decimals, and refer to them as luminosity numbers. Thus, 
luminosity number 2-7 is taken to mean three-tenths of an MK class interval brighter 
than MK class III. That these subdivisions are meaningful is suggested by the fact 
that the probable error of the mean luminosity number determined from three 
different criteria is 0-13 of a class interval. This probable error applies to classes 
between Il and V; among the supergiants subclassification by decimals was not 
feasible because of the small number of class I stars in the sample. 

[t should be re-emphasized that this means of luminosity classification is not 
different from the MK system except insofar as it makes possible more precise and 
more objective classification of individual spectra and provides a means of estimating 
errors. However, it does provide a measure of small differences among MK standard 
spectra of the same MK class. For example, « UMa and 7 CrB, both MK standard 
KO III, would be assigned luminosity numbers 3-1 and 3-5, respectively, on the 
basis of HosSAck’s measures. 

HALLIDAY has adopted this technique and extended it to include classes GS and 
G9, and in this way has obtained luminosity numbers for over 200 stars of which 
about half are in the GS—G9 range and half in the KO—-K1 range. From his results, 
yet to be published, he has studied the luminosity functions of these groups of stars. 
While this brief account is intended to relate to the method rather than to the results, 
it may not be out of place, nevertheless, to refer now to a simple test of HALLIDAY’S 
data which appears to demonstrate that the method outlined is really capable of 
effecting subdivisions in the MK classes. 

The test is based on the proper motions of the stars referred to in the preceding 
paragraph. For each star the proper motion, taken from Boss’ General Catalogue 
and corrected by the systematic corrections given by H. R. MorGan in the N30 
Catalogue, was reduced to what it would be if the star had apparent magnitude 6-0. 
This reduced proper motion should now be a function of the solar motion, the star’s 
tangential motion, and its distance. To eliminate the effects of distribution in the 
sky, the component due to solar motion was removed from each reduced proper 
motion by a process which involved an estimate of the absolute magnitude of the 
star from its luminosity number. The remaining reduced peculiar motion should 
now be a function of the star’s tangential motion and its distance. Grouping the 
stars according to luminosity intervals, and taking mean values of the reduced 
peculiar motions within the groups, should now eliminate the effects of different 
tangential motions, providing the sampling in the various groups is sufficient. The 
mean reduced peculiar motions should then show a dependence on the mean luminosity 


numbers of the various groups if these luminosity numbers are meaningful. 
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The accompanying Table | gives the data for 209 stars. Eighteen high velocity 


stars, namely those indicating tangential velocity greater than 70 km per sec. on 


the basis of spectroscopic parallax, have been excluded. 


I g Nu Mear 
» 13 OLS 
2-6 12-7 2] 0-02 
J. 12-4 2 0-O42 
Oa 1 3-] 50) O-O5] 
2 and 3:3 $33 0-0 | 
fa 3 Ld 0-066 
tan) 3°Q ) O-OS4 
1-() f¢ }-( } Q- 228 
1-9 5-4) 7 0-50] 
To make a quantitative study of the absolute magnitudes arising from these data 


would require careful analysis on the basis of the effects of errors in the proper motions, 
ind of the unequal space motions of the various luminosity groups. Nevertheless, 
the data. as they stand, show a steady increase of mean reduced motions from gTOUps 
of higher luminosity to groups of lower luminosity, and this constitutes evidence that 


} 


the method outlined here has succeeded in effecting subdivisions of the main luminosity 


Summarizing, it is seen that the oscilloscopic microphotometer provides a rapid 
means of securing data for luminosity classification of G and K type spectra. The 
incorporation of these data into the MK system permits retention of the advantages 
of that system, at the same time Improy ing the precision of classification and making 


the results better adapted to statistical treatment. Also a means is provided for the 


closer specification of standard spectra. It is proposed to ittempt to extend the 
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Objective Prism Spectra of Relatively Cool Stars 
in the Near Infrared 


J. J. NASSAI 


Warner and Swasey Observatory, Case Institute of Technolog 
Cleveland, O| » 1) SA 


SUMMARY 


Che present discussion deals in part with the «ae ript ! if the molecular Dands visible on objective 

prism spectra between the region of 26800 to ZA8800 >y means of these bands it is possible to detect, 

and in a number of cases to classify, M-t pe stars fh the ‘J O bands, S-type stars from th LaQO-bands 

and C stars from the CN bands. The detection of long-period variables by means of the VO-bands is 

also discussed some galactic structure problems al ng tro. the surface distribution of these relat | 
stars are presented in brief 


1. INTRODUCTION 


THE present report deals with one of the many applications of the Schmidt-type 
optical system to the study of the structure of our Galaxy. 

The colour characteristies of such a telescope, its resolving power, its speed, and 
its wide field make it highly suitable for obtaining quickly observational material 
for a large number of objects. Its great usefulness for general survey problems 
which often serve to direct attention to stars, galaxies or regions of the sky for furthet 
study, has been amply shown. Its adaptability, with suitable filters and emulsions 
in revealing fine details and structure of extended nebulosities has been demonstrated 
by the beautiful photographs taken recently at a number of observatories. 

Objective prisms attached to such telescopes have opened the way to many 
investigations of considerable significance. In spite of the low available dispersion 
even in the blue spectral region, it is possible to make accurate temperature and 
luminosity classification of many types of stars. The use of filters to restrict the 
observed spectral region makes it possible to classify certain stars and detect faint 
emission line objects efficiently. By this means, also, overlaps in crowded regions are 
often avoided and background fog in long exposures is diminished. 

The spectral region in the near infrared has been found highly suitable for the 
detection and classification of cool stars, particularly of type M, where the TiO 
bands become stronger with advancing spectral class. These stars radiate their 
maximum energy in this spectral region and since high speed emulsions are available 
for the same region the registration of very faint spectra becomes possible. For 
studies of galactic structure such stars, the majority of which turn out to be giants, 
present important advantages. Space absorption in this spectral region is relatively 
small and since the cool stars are very bright in the infrared they can be observed at 
great distances from the Sun. Also the red giants appear to define a completely 
different type of population from that of the supergiants and the hydrogen emission 
regions, hence their distribution in galactic space becomes of considerable significance. 

The following discussion deals with a description of the molecular bands visible 
on small scale spectrograms in the spectral region between £6800 to A8800 and the 


classification of M-, C-, and S-type stars from these bands. 
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2. MOLECULAR BANDS 


‘he bands of the most prevalent molecules, which in nearly all cases have been 


ybserved in objective prism spectra, are as follows 


t) Telluric Bands (Nassau and van ALBADA. 1949 


Of the telluric bands. the A-band of oxygen IS by far the strongest and most easily 
observed, pro\ ided the spectra are not over exposed. The oxygen B-band at 76870 
usually defines the short-wave length end of the spectrum, The H,O band at about 

JO often appears rather strong. This is also true for the H,O band at about A8200 


“ig. 1(D With objective prism spectra, to avoid difficulties it is advisable to 


ow 


Be. kn en, 


examine each plate for the intensity of the H,O absorption, which is readily detet 
mined by observing early type stars. Other telluric bands present in this spectral 
region are omitted from the discussion, as they do not appear to interfere with the 


classification. 


b) TiO Bands (NASSAU and VAN ALBADA,. 1949 


The three principal groups of bands of titanium oxide present in the spectral region 
under discussion are 

|) The group with head at 27054—The main band of this group corresponds to 
the transition from the vibrational ground state of the molecule. 
2) The group at 27589—With short dispersion spectra this band coincides with the 
A-band and becomes apparent when the blended band shows widening in the direction 
of the long waves. 


3) The group at 18432 The wavelength given here does not correspond to the 


first head of this band arrangement. but rather to its strongest feature. 


('N’ Bands (NASSAU and COLACEVICH, 1950 


Of the most useful bands of CN in the classification of carbon stars in this spectral 


region are those at about 47945. ASI125. and 28320 (Fig. 1 (( The bands in the 
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direction of the short wavelength of the A-band appear only when the spectrum is 
heavily over-exposed. All bands shown in Fig. | have been verified on slit spectra 


which were kindly furnished by KEENAN 


(d) LaO Bands (NASSAU and VAN ALBADA,. 1948: KEENAN, 1948, 1952) 
The 47403 and 47910 are the strongest characteristic features of the infrared spec 
trum of the cooler S-type stars. The bands are very sensitive to temperature and 


disappear in the hotter S-type stars (Fig. 1 (B 


(e) VO Bands (KEENAN and SCHROEDER, 1952 
The two strongest bands of VO in this spectral region occur at 27400 and 27900, in 


addition to two weaker bands, one near 27000 and the other near 28600 (Fig. 1 (A 


3. STELLAR CLASSIFICATION OF THE COOL STARS 


The discussion of the classification of M-, C-, and S-type stars is based on objective 
prism spectra of the following dispersions 3400 A per mm, L700 A per mm, and 
850 A per mm at the A-band. The spectra are secured with a 2° or 4° objective 
prism or the combination of the two prisms ittached to the Burrell telescope (NASSAI 
1945). Those obtained with the 2° prism extend about 0-3 mm to either side of the 
atmospheric A-band. These spectra are made as narrow as possible by guiding the 
telescope when long exposures are made. It has been shown that this practice does 
not appreciably diminish the accuracy of the classification. 

In the establishment of the criteria for classification, the stars in the Mount Wilson 
list were used as standard (ApAms, Joy and Humason, 1926). However, a number 


of standards were furnished by Keenan from unpublished material. 


Classification of M-type Stars (Nassau and VAN ALBADA, 1949) 
The TiO-bands described above provided the criteria for the classification of M-type 
stars. The group with head at 47054 appears at MO. However, care must be exer 
cised not to confuse this band with the atmospheric a-band. In the band group of 
TiO two band heads nearly coincide at 47126 (CHRISTY, 1926) and it is here rather 
than at 47054 that the group is first observed. The task of classifying the MO to 
M1 stars for the two lower dispersions given above becomes still more difficult for 
faint and space reddened stars when the spectral region under consideration approaches 
the limit of visibility. Although the triplet 27054, 27088, and 47126 are present as 
early as gK4 (KEENAN, 1952), they are not detected in too low dispersion spectrograms. 
The first appearance of the group at 427589 occurs at M2 as a slight widening of 
the A-band and becomes increasingly apparent with later classes. The group at 
28432 becomes apparent at M5 or slightly earlier. With the dispersion of 850 A per 
mm at the A-band this group has been observed as early as M4-0. In late spectral 
types the width and strength of all these bands are greatly enhanced (Fig. 2). 
These features make possible the classification of stars to an accuracy of half a 
spectral division, beginning with MI. For the two earlier classes, due to the diff 
culties stated above, no separation is deemed trustworthy. Up to the present no 
luminosity effects have been observed for M-type stars in this spectral region. 


Carbon Stars (NASSAU and COLACEVICH, 1950) 


The spectral classes R and N have been combined into one group and have been 


designated as CO to C9 (KEENAN and MorGan, 1941). The relative streneth of the 
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CN bands and the appearance of the density of the continuum are utilized in the 
segregation of these stars. 

In the spectra of early-type stars and C0 stars the only features which might be 
visible are the telluric bands. The CN band at 47945 appears in spectra class Cl 
and later. In later classes, the strengthening of the cyanogen creates characteristic 
patterns, “‘emissionlike’’ features, which assist in the classification (Fig. 2). In 
spectra of moderate exposure the ‘‘emission-like”’ features at 27770, A8010, and 48220 
are well marked. The first of these is the strongest and widest. In over-exposed 
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Fig. 2. Four-degree objective-prism spectra. he A-band appears at the middle of each spectrum. 


spectra the growth of the bands brings out two strong ‘“‘emissionlike’ features at 
77390 and 77540 and three fainter ones at 26900, 27070, and 47320. Current studies 
with additional material indicate that only the very early (‘ stars, where the bands 
are very weak, can be segregated from the late ones. However, it may be stated 
provisionally that it now appears possible to segregate in general the class N stars 
from the class R from the growth of the bands 47945, 48125, and 48320 and the 


degree of reddening shown by the spectra. 


S-type Stars (Nassau and vAN ALBADA, 1948: KEENAN, 1948) 


The two bands of LaO at 47403 and 47910 furnish the identification of S-type stars. 
As it has been stated, these bands are sensitive to temperature, hence their weakening 


sometimes will prevent detection. In addition, the band at 47403 is in a spectral 
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region which is materially affected by the intrinsic reddening of the S-type stars. 

The present practice is to assign the class S to a spectrum which shows 47910, no 

TiO-band, and is markedly reddened (Fig. 3 (d)). 

Spectra of Long-period M-type Variables (KEENAN and SCHROEDER, 1952; NASSAU, 
VAN ALBADA and KEENAN, 1949)* 

In nearly all long-period variables which have been observed the infrared VO bands 

appear and become strong in the coolest stars. The spectra of these stars range from 
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Fig. 3. Comparing the appearance of over-exposed 2° objective prism spectra with 
corresponding spectra taken with a 6 prism. 1) M6, normal; (6) M2, peculiar ; 
(c) M7, showing VO bands at 427400, 27900; (d) S-type star showing LaO-bands at 
77400. 77900: (e) carbon star 


about M7 to M9 or later. As the temperature decreases, these bands increase in 
strength relative to the TiO bands. The band at 47900 appears even in the shortest 
dispersion used. The band at 47400 is only visible in over-exposed spectra, as the 
continuum is often weak in this region on account of the high intrinsic colour of these 
stars (Fig. 3 (c)). 

The two strong bands of LaO at 47403 and 47910 in the short dispersion under 
consideration occupy the same spectral region as the VO bands at 47400 and £7900. 
Hence the two molecules cannot be distinguished directly. Evidence from slit 
spectra, however, indicates that the VO bands are associated with long period 
variables of late M classes. For this reason, when the spectrum of stars appears from 
the strong TiO bands to be about M7 and later the presence of the additional bands is 
attributed to VO and when no TiO is present or is very weak, the bands are attributed 


* See also the recent paper on “Objective-prism spectra of long-period variables in the near infrared’? by J. J. NASSAT 
and D. M. CAMERON in Ap. J., 119, 175, 1954 
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to LaQ. It is well to point out that the spectral relationship between the M- and $ 
type stars, with reference to the bands under discussion, is at present in a fluid state. 


Peculiar-appearing Spectra (BLANCO, CAMERON, MorGAN, and Nassau: unpublished) 


Among the many thousand spectra examined with the 2° and 4° objective prisms, 
many features which do not fit into the pattern of classification described above are 
present. These spectra do not form homogeneous groups. On the contrary, they 
show a great variety among themselves. No systematic effort has been made to 
classify or describe their features with a few notable exceptions, which include the 
createst number of these cases and which are described below. The 6 objective 


prism has been employed in their identification with considerable success. 


a | group Oo} spectra taken with the 2 prism which appears some what like a SYUArE 
with a narrow handle. The appearance is striking and is detected even in very faint 
spectra. The low dispersion of the 2° prism causes the peculiarity. The 6° objective 
prism and in one case a slit spectrum presents the normal appearance of a late 
M-type star with VO bands (Fig. 3 (c)). The characteristic appearance is due to the 
weakening of the continuum in the direction of the short wavelengths beginning with 
AT9OO. presumably due to the intrinsically high colour of these stars and the presence 
of the VO bands. Over 300 such spectra have been detected in the Scutum Cloud 


which were long period variables (HARWOOD and BLANCO: unpublished). 
| 


(}) Ad group o} relative ly de WiSé spectra which show wedge shaped Appearance with the 
2° prism, With the point of the wedge near 47100 (Fig. 3 (6)). Often when the 
exposure is not very strong the continuum shows increasing density with increasing 
wavelength. In many cases the A-band appears narrow. The study of such spectra 
with the 6° prism reveals that a number of classes are included 

(1) Carbon stars earlier than C3. This is particularly true when the spectrum 
shows uneven density of the continuum. 

(2) M-type stars earlier than M3. Often the TiO band at 47054 is visible. 

(3) Stars earlier than M0. It is presumed that in some cases strong interstellar 
absorption contributes to their peculiar appearance. However, it is difficult to assign 


much of this highly pronounced effect to preferential absorption. 


(c) A group of relative ly dense spectra which show the wedqe Ap pearance much more 
pronounced than in the case Given above. In this case, nearly half of the spectrum iS 
invisible. Many S-type stars were identified among this group as well as the super 
giant M-stars in the h and 7 Persei (BIDELMAN, 1947). The study of this group of 
stars is now in progress. 

(d) Carbon stars of class C3 and later. They appear especially in weak spectra in 
the form of a dumbbell (Fig. 3 (e)) with very strong continuum near the A-band 
and equally strong near 48800. They are caused by the strengthening and blending 
of the absorption bands at 47945, £8125, and £8320. This group is among the most 


readily identified stars with the 2 prism, even when the spectra are very weak. 


LIMITING MAGNITUDES (NASSAU AND VAN ALBADA, 1948) 


With the 4 prism it is possible to observe stars of spectral class MO to about 13-0 
infrared magnitude and with the 2° prism, about one magnitude fainter. The limiting 
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photographic magnitude of the same sky is about 18-0 and for many of the stars, in 
the different surveys under way, no blue direct images could be obtained. Bright 
sky is not the only factor which limits exposures to one hour; an appreciable part 
of the plate fog in the crowded region of the Milky Way is due to overlapping 
spectra of faint stars. 

For the classification of M-type stars later than M5, of carbon stars later than C2, 


and for some of the S-type stars, a narrowing of the spectral region could be employed. 
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Fig. 4. A portion of a plate of a Milky Way field taken with a 4° objective prism showing many 


This will overcome some of the limitations given above and thus extend the classifica 
tion of these stars to a still fainter magnitude. Preliminary tests using a spectral 


range from about 47500 to Z8800 show that such procedure is possible. 


Current Investigations 
Most of the current spectral surveys in the near infrared which are carried out at the 
Warner and Swasey Observatory with the 24-36 in. Schmidt telescope employ the 
2° objective prism, Kodak 1-N emulsion, and a Wratten No. 89 filter 

A survey of a continuous belt 4° wide along the galactic equator from longitude 
333° through zero to longitude 201° has been completed. It is concerned with stars 
of classes M5 to M9 and (3 to C9 as faint as infrared magnitude 10. The distribution 
of the M-type stars show no clustering such as that found among the highly luminous 
early-type stars. Also there is a decrease in the number of M-stars as the anticentre 


is approached. Except for this gradual decrease other observed variations in the 


spectri f rel; vely cool stat i the near infrared 


distribution may be accounted for by the effect of interstellar absorption. The carbon 
stars do not exhibit a similar distribution. 

In connection with this survey it is of interest to point out that a number of 
spectra appeal to be similar to the spectra of the supergiant M-stars in h and 4 Persel. 
Reference to the peculiarities in the appearance of these spectra has already been 
given. Although the number of such stars is relatively small, as only the brightest 
stars were segregated, some clusterings seem to be evident in a number of cases. 

irveys in a number of Milky Way fields with long exposures reveal a great 
“ase in the number of faint late M-stars. For example, in parts of the Scutum 
some 140 suc h stars pel square degree were counted In this Case the limiting 


magnitude is about 13. Equally large numbers of late M stars have been 


‘ted on plates taken at the lar: 


| 
1c 


e Sagittarius Cloud. 
tudies of the distribution of the late M-stars in galactic latitude indicate a marked 

n their number with increasing latitude. As a by-product of these surveys 
‘r of new variables and S-type stars have been discovered. The presence of 


ids described above has been the criterion in their classification. * 
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Spectroscopic Phenomena in the System of Algol 


OTTO STRUVE 
serkeley Astronomical Department. University of California 


SUMMARY 


Recent observations of the spectrum of Algol confirm the existence of duplicities in the line profile of 


Mg 11 4481 near the phase of totality. In this article, written in 1953, the suggestion is advanced that th 


magnesium atoms may be located preferentially in an equatorial belt between 50° of latitude. 


In 1931 C. T. Etvey and I noticed that the absorption line Me rr 4481 in the spectrum 
of Algol, near mid-eclipse, consisted of two unequal components. However, since 
later plates did not appear to confirm this duplicity, we regarded it as accidental. 
Four years later, MORGAN (1935) re-examined the entire collection of Yerkes Observa 
tory spectrograms of Algol taken with a dispersion of 10 A/mm at 24500, and con 
cluded that “‘all of the material now leaves no doubt that the line is actually double 


between phases O°04 and 0°04". Soon after the appearance of MorRGAN’S 
TOL. paper I received a letter from the late J. H. Moore, informing me that the duplicity 
1956 could not be seen on Lick Observatory spectrograms having only a slightly smallet 


dispersion than the Yerkes plates. On the other hand, MeLNrKov (1940) found that 
“the doubling of the line Mg 11 near the primary minimum is more or less established, 
while its duplicity at other phases needs further confirmation.”’ He attributed “‘the 
appearance of the second line. . . to the second faint star’’ in the eclipsing system. 

In the meantime a misunderstanding has arisen with regard to the double MglII 
line. In SCHNELLER’S recent bibliography of Algol (1952) the appearance of two 
absorption components at approximately constant separation is taken to mean that 
the line does not originate in the reversing layer of the B8 star. This unwarranted 
conclusion is probably due to a remark by Kopat (1942) that the “arithmetical 
means of the radial velocities of the two components (measured by MORGAN) showed 
variation conforming to the velocity curve of the primary star, as derived from the 
hydrogen lines, but without exhibiting the rotational effect. If so, the lines could 
scarcely originate in the reversing layer of the B8 star.” 

Although this erroneous conclusion was not repeated in EGGEN’s discussion of the 
orbit of Algol (1948), the fact that it has reappeared in SCHNELLER’S discussion 
renders it desirable to re-examine the problem from the beginning 

A series of spectrograms was obtained with the Coudé spectrograph attached to the 
100-in. reflector on 9th December, 1952, U.T. According to the latest discussion of 
the period by PAVEL (see SCHNELLER, 1952), mid-eclipse was expected to occur at 
1h54™ U.T. The tracings of He1 4472 and Mgt 4481 as recorded directly on a 
Leeds and Northrup recording microphotometer are shown in Fig. 1. The original 
dispersion was 2:85 A per mm, and the exposure times were of the order of 20 min. 
The geocentric times shown in the figure may be converted into heliocentric through 
the addition of 6 min. 

The existence of two components is strikingly demonstrated for the plate taken 


rhe observational material used in this paper was obtained at the Mount Wilson Observatory 


Spectroscopic phenomena in the system of Algol 


nearest to mid-eclipse ; and it is still clearly noticeable at 3229™ U.T. and at 
5h43m UT 
Since the relative intensities of the components vary in such a way that the red 


component predominates before mid-eclipse, while the violet component is the 
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stronger alter mid eclipse, there can be no doubt whatever that the phenomenon is 
due to the Rossiter-McLaughlin effect of axial rotation of the B& component. 

The separation between the components is only approximately constant: if 
appears to reach a maximum about 1} hours after mid-eclipse, and it is possible, 


though not clearly brought out by either the tracings or by direct measurement of the 
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original plates, that the separation reached a similar large value about 2 hours before 
mid-eclipse. 

The geometrical circumstances of the eclipse are well known: the orbital elements 
recently derived by PLaut (see SCHNELLER, 1952) agree closely with earlier deter- 
minations. Fig, 2 shows the relative positions of the two stars at mid eclipse. Fig. 3 
shows the manner in which the edge of the invisible giant FS star encroaches upon 
the disk of the bright Bs star. The predicted profile of a line produced from atoms 
uniformly distributed over the visible disk of the Bs star does not show double lines. 


These predicted profiles are shown in Fig. 2 of my paper with Eivey (1931). 


3. Rotation ef 


In order not to tamper with the best available geometrical picture of the eclipse, 
it is therefore necessary to assume that the absorbing atoms of Mg Ir are concen- 
trated in an equatorial belt that extends about to latitude + 50° of the B8 component. 
It seems to me that this evidence is very strong and that it proves, once again, that 
the non-uniform distribution of the absorbing atoms and ions over the surfaces of 
rapidly rotating stars is a phenomenon of major significance in astrophysics. 

The tracings of the line He 1 4472 are also interesting. These lines participate in 
showing the rotational disturbance, as was already shown by MCLAUGHLIN in 1934. 
But while the peaked minima of Mg 11 4481 render this line very conspicuous before 
and after mid-eclipse, there is nothing like it in the case of He 1 4472. On the con- 
trary, this line becomes progressively weaker, and almost disappears at mid-eclipse. 
Yet, it shows the full range of the rotational disturbance. My own direct measure- 
ments tend to make the full range of the rotational disturbance in He 1 (75 km per 
sec) almost as great as that in Mg 11 (96 km per sec), while MCLAUGHLIN found that 
the range shown by Het and Silt was even greater than was obtained for the 
mean of all lines. 

The tracings in Fig. | show a slight asymmetry of the rotation effect in He I, as 


compared to that in Mg tr. The arrows at the bottom of each tracing of Mg 1 mark 
the deepest points of each curve. The arrow at the bottom of He 1 4472 on the tracing 


for 7th December marks the deepest point as observed outside of the eclipse. The 
arrows below He 1 4472 in the tracings for 9th December mark the distance between 


Spe 


Mg it 4481 and Het 4472, as observed on 7th December. It is clear that after mid 
eclipse the Het line was relatively more displaced toward the red than was the 
deepest point of Mg u. This asymmetry is similar in character to that observed by 
McLAUGHLIN, but it is opposite in sign. 

lhe apparent weakness of He 1 4472 near mid-eclipse suggests that it is even more 
closely concentrated to the equator of the BS component than is Mg 1, and that, in 
effect. nearly the entire He 1 belt is eclipsed at mid eclipse. A uniform distribution of 
He 1 within a belt of 30° in latitude might do the trick. Such a distribution would 
play havoe with our usual interpretation of stellar line-profiles. Yet, the proposed 
distribution does not apply to stars with sharp lines like y Pegasi, 7 Scorpii or LO 


Lacert Le These stars probably rotate slowly, and they may not be exposed to the 


There remains the question of the “extra” lines of Fe 1, Fe 11, ef¢, which were first 
bserved by F. SCHLESSINGER, and later exhaustively studied by Miss Iba BARNEY 
1923). These lines are quite conspicuous on my plates, especially on a set taken 
during the 9th December eclipse, with a dispersion of LOA per mm on Eastman 
Process emulsion. The lines become more conspicuous at mid-eclipse, and they are 
then definitely narrower than they are several hours before and after mid-eclipse. 

They do not clearly show the rotation effect of the H, Mg m, Cat, Sit, and He 1 
lines, but they seem to shift slightly toward the violet at mid eclipse, by perhaps 
5 km per sec, in order to regain their normal position 2 hours before and after mid 
eclipse. Perhaps the strangest observation (or rather lack of it) is the absence of any 
trace of a broad line of Ca mf near mid-eclipse. We observe only the normal line of 
the BS star. with its rotational disturbance. 

The photometric discussion by EGGEN has shown that the companion in the 
eclipsing system is nearly two magnitudes fainter in photographic light than the 
eclipsed portion of the Bs star. Hence, it should be invisible in the spectra. EGGEN 
concludes from STEBBINS observations that this star is an FS subgiant. similar to 
»companions of U Cep, U Sge, and TX UMa. There is no light from the third and 


+ 


fourth, distant. companions. PAVEL’S more recent discussion assumes the existence 


+] 


of six members of the system, and we may have to leave undetermined the contri 
bution to the total light by these hypothetical objects 

It is certain that the metallic lines are too narrow to belong to the equatorial belt 
of the BS star. Neither can they be attributed to an atmospheric eclipse of a portion 
of the Bs star by the edge of the gFS companion. The latter would show a strong 
rotation effect similar in character to 
tf Fig. 3, 
rie period as its orbital 


line of Cat, and would presumably show 


that observed in ¢ Aurigae. This follows immediately from the geometry « 


provided we assume that the FS star's rotation has the sa 
revolution. 

The narrowness of the metallic lines also precludes their coming from the entire 
disk of the FS component. Perhaps they originate in the polar regions of the Bs star. 
This would satisfactorily explain my own observations, but would leave unexplained 
Miss BARNEY'S conclusion that the amplitude of the velocity curve, as determined 
from the “extra” metallic lines, is only about one-third of the amplitude found 
from the lines of H. Me 1, efe. 

If, as now seems most probable, we should attribute the “extra” lines to the polar 
regions of the Bs star, it is quite possible that their distribution with latitude may be 


closely related to their equivalent widths. Thus, it is entirely possible that the 
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strongest of these lines, as, for example, 24549, may originate in a relatively wide 
belt of latitude, and may therefore show vestiges of the rotational disturbance, as 
was actually surmised by MorGan (1935). It is, however, also possib'e that the 


extra lines are blends from the B8 star and from one of the other components. 
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EVERY star makes a determined effort to cool itself by dispatching from its surface 
outward into space vast amounts of radiant energy. In this endeavour it has little 
success, for the supply of energy, no matter how fast the light-beams carry It awa) 
is steadily replenished by some reliable process that maintains the radiating layers at 
a constant temperature. Nature has, of course, had a long time in which to bring 
about this adjustment. The energy fed into the photosphere at the proper rate to 
balance the expenditure comes from one or both of two basic sources: (1) gravita 
tional energy released by slow contraction of the whole star; (2) nuclear energy 
released in the interior by conversion of hydrogen into helium. Our interest in this 
stellar equilibrium is not wholly academic; should our Sun fail to maintain its 
happy balance, we might suffer considerable inconvenience. 

The outgoing stream of energy from the photosphere of a star must pass through 


the comparatively thin and tenuous atmosphere lying above the photosphere. Here 


again the adjustment is good, for the atmosphere has learned how to live in contact 
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with the photosphere without being bothered too much by the incessant passage of 
the departing light-beams. It does, however, exact from them a part of their sub- 
stance—certain small fees known as absorption lines, the manner of whose payment 
is very precisely specified. 

In a few stars the adjustment is not quite perfect and the atmosphere may some 
times depart from its precisely uniform existence. The surface temperature and the 
intensity of radiation may vary: the outer layers may leave abruptly, en masse: or 
even with a nearly constant photosphere some of the atmospheric atoms may become 
unhappy and drift away slowly one by one. 

Stars in whose atmospheres outward motions have been observed fall into three 


} 


{ ASsSeCS 
|) Pulsating stars. 
) 


2) Stars with occasional outbursts. 


3) Stars with a continual outflow of atoms. 


1. PULSATING STARS 


The best-known examples of pulsating stars are the cepheid variables which present 
physical problems of great interest and are useful as distance indicators for galaxies 
exterior to our own. EDDINGTON showed that the periods, averaging about six days, 
probably correspond to a volume pulsation in which the star is alternately larger and 
smaller than its equilibrium size. When it is too large, gravity pulls it back but the 
acquired motion causes the outer layers to go too far inward where gas pressure 
takes over and pushes them out, again overshooting the mark. Variables of the 
RR Lyrae (or cluster) type are smaller and denser and make the same type of pulsa 
tion in about half a day. Magnetic variables of the type recently studied by 
H. W. Bascock also may pulsate. 

The outward velocities in these pulsating stars are far below the velocity of escape, 
but in certain cepheids they are fairly large in comparison with the kinetic velocities 
of the atoms. Those variables whose velocity -CUurves have especially large amplitudes 
should perhaps receive further study. 

In the huge and tenuous red variables, EppDINGTON showed that “‘the dimensions 
are consistent with the hypothesis that the period of about 300 days is that of the 
natural pulsation of the star”. Spectroscopic measurements show that cyclical 
motions of the reversing layers, if present, are small. Atoms emitting bright lines, 
however, appear to ascend through the atmosphere with velocities of 10-20 km per sec 

Certain shell stars exhibit a type of oscillation quite different from that of cepheid 
variables. The term shell is applied to certain B- and A-type stars whose unusually 
narrow dark spectrum lines bear evidence of having been produced in an atmospheric 
level high above the normal reversing layer. Typical spectra are striking: the 
hydrogen lines have conspicuous dark cores with a slow Balmer decrement, the series 
sometimes being photographed as far shortward as H42:; narrow lines of ionized 
metals, particularly Cat, Seu, Tiu, Cri, Few, and Nitt, are numerous and 
distinct. 

In 48 Librae a remarkable eight-year oscillation began about 1934 with an outward 
thrust of the atmosphere. The atoms were slowly accelerated outward until in 1937 
they reached a velocity of about 100 km per sec.: they then slowed down and in 
1939 turned back toward the star. A second cycle has now been observed (MERRILL, 
1953). Minimum velocities (in the algebraic sense) occurred about 1937 and 1945, 
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maximum velocities about 1941 and 1950. The amplitude has diminished as if the 
oscillation were damped. 

In HD 33232 a somewhat similar oscillation has a period of ten or eleven years. 
In both stars some stratification of the atmosphere is observable, certain lines 
exhibiting a greater range of velocity than others (MERRILL, 1952d). Other stars, 
not so extensively observed, that probably behave in somewhat the same manner, 
are / Monocerotis A, HD 44351, HD 183656, and HD 220300. 

In Pleione a shell episode began in 1939 marked by the development of numerous 
narrow dark lines which grew stronger until in 1945 they gave the spectrum a most 
striking aspect, totally different from its normal appearance (MERRILL, 1952a). 
At first the motions were too small to be measured but gradually the outward velocity 
of the upper levels became appreciable. Eventually the supply of atoms failed and 
the shell blew away. The shell lines are now very faint. Thus in Pleione only the 
first half of a complete oscillation has been observed. 

In shell stars there is every indication that atoms are not expelled from the photo- 
sphere with high velocities but drift outward very slowly. In certain stars there is 
little acceleration and the shell appears stable, its measured velocity being sensibly 
the same as that of the star as a whole. In other stars the atoms are acted on by some 
outward force slightly greater than gravity until the outward velocities are appreci- 
able, sometimes reaching 50 km per sec. or more. This outward force, however, may 
not act indefinitely; after a time, or perhaps beyond a certain distance, it may drop 
off somewhat, allowing gravity to draw the atoms slowly back. If the force is a steady 
one, not variable with time, the circumstances indicate that with increasing distance 
from the star it drops off more rapidly than gravity. This might be true of a dipolar 
field or of an electric or magnetic force having its origin near the star’s surface 

Many facts indicate that stratification plays an important role in the extended 
atmospheres of shell stars, but the complete interpretation is obscure. The clues we 
now have could be profitably developed by further observation of the displacements 
and profiles of the lines at various phases of the velocity-cycle. 


2. STARS WITH OCCASIONAL OUTBURSTS 


Our Sun is, fortunately, on the whole a pretty well-behaved star. But a little tur- 
bulence is always in evidence on its surface; occasionally a real eruption occurs, 
mighty on a terrestrial scale, but negligible in the Sun’s energy balance. Eruptive 
prominences which last but a few hours may rise as fast as 700 km per sec. and may 
attain a height exceeding 1,000,000 km (Sun’s radius 700,000 km). Streamers 
frequentiy break off from the rising column of gas and turn back toward the Sun 
(Perit, 1943). Other types of prominences which appear to form well above the 
photosphere exhibit downward motion only, with velocities between 100 and 
200 km per sec. Thus the gas in solar prominences as well as that in stellar shells 
may move either up or down. Are the same physical principles involved in both 
objects ¢ 

Many Be stars have bright lines that exhibit striking changes in intensity from 
time to time, indicating changes in atmospheric activity. Certain stars have been 
known to produce temporary shells observable for periods from a few weeks to a 


few years; examples are y Cassiopeiae, Z Andromedae, and Pleione. These shells are 


probably formed by atoms that drift slowly out from the usual reversing layers just 


above the photosphere. The star 17 Leporis has dramatic eruptions covering 


Stars with expanding atmospheres 


practically its whole surface at intervals of approximately 155 days. At these 
times the spectrum lines are extended shortward by atoms with considerable outward 
velocities (STRUVE, 1932). The structure of the lines should be studied with high 
dispersion. The SS Cygni variables exhibit sudden increases in light at irregular 
intervals, the physical mechanism being unknown. 

By far the most sensational stellar phenomena ever observed are the explosions 
that create the temporary apparitions called, through misapprehension, novae or 
new stars. A violent internal disturbance sends the outer layers of the star hurtling 
into space. The velocity may be so great that it is beyond control by gravity, and a 
gaseous shell expands indefinitely. In the Crab nebula, the explosion took place 
900 vears ago but the gaseous fragments are still seen flying outwards at a velocity 
of about 1300 km per sec. (MtNKOwskKT, 1942). Similarly the curious nebular wisps 
vbout Ro Aquarii are moving outward: they may have originated in a sudden out 
burst some centuries ago. In planetary nebulae the atoms are moving outward at 
moderate velocities (WILSON, 1950), but in none of these objects has expansion of the 


visible disk vet been detected. 


> 


3. STARS WITH A CONTINUAL OUTFLOW Of] \TOMS 


\ remarkable fact disclosed by repeated observations is that certain stars are able to 
maintain, apparently indefinitely, a steady flow of matter outward from. their 
surtaces. These objects are called P ( vgni stars afte then famous prototype, whose 


spectral peculiarities were discovered at Harvard about 1890. Most of the available 


information concerning stars of this kind has been compiled in a recent monograph 


.S. Beats (1951). The approximate velocity of outflow from several stars is 


shown in the accompanying tabulation. 


In a number of objects the expanding hydrogen lavers seem to envelop the entire 
orbit of a binary star. The famous eclipsing variable p Lyrae is an example. A 
B-type and an F-type star are revolving about each other in a period of thirteen days, 
while enveloping both of them is a gaseous ring expanding with a velocity of 
75 km per sec. (STRUVE, 1941; KurpER, 1941). Somewhat similar is the binary 
HD 187399 spectroscopic observations indicate that the orbit (period 28 days) 
is immersed in a cloud of hydrogen whose outet layers are expanding at the rate 
of 75 km per sec. (MERRILL, 1949). In another binary, v Sagittarii, spectrum Ap, 
with a period of 138 days, the ejection of matter at a velocity of 300 km per sec. is 
markedly discontinuous, appearing in some cycles but not in others (BIDELMAN, 
1949). Two other objects have much in common with v Sagittarii; both are binaries 
in which the main component resembles a giant F-type star: both have bright 
hydrogen lines with displaced dark components indicating large outward velocities. 
In HP) 59771 the outward velocity, possibly variable, is about 130 km per sec.: in 
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HD 242257 (MWC 490) it was nearly constant at 530 km per sec. from 1942 to 1951 
(MERRILL, 1952b). 

The most mysterious of all stars with expanding atmospheres are, perhaps, those 
whose spectra exhibit multiple displaced lines indicating outward motion in several 
discrete velocities. Of these the most extensively studied is HD 190073 (MerrRILL, 
195la). Components of the H and K lines of ionized calcium have displacements 
corresponding to the following outward velocities in kilometres per second: 0, 147, 
ISI, (200), (296), 323, 358, (396). Three pairs of displacements have the ratio 2: 1. 
Circumstances would seem to rule out a set of expanding shells; the distances 
traversed in the observed interval of twenty years would be too great. We must 
rather consider a succession of atoms passing through fixed or nearly fixed circum 
stellar zones. But it is hard to imagine what physical circumstances would lead to 
numerous discrete and narrow ranges of velocity. An explanation alternative to that 
of velocity might lie in some phenomenon that displaces by small amounts the usual 
energy levels in the ionized calcium atoms, but I am not aware of any plausible 
hypothesis of this kind. Peculiarities somewhat similar to those of HD 190073 have 
been observed in the calcium lines of XX Ophiuchi (Merrit, 1951b) and of 
7, Carinae (THACKERAY, 1951), and in the helium lines of BD ll 4673 (MERRILL 
I95I1¢e). 


Stars with expanding atmospheres present challenging physical problems. Except 
in novae, we do not know what becomes of the outgoing atoms, and we are far from 
understanding the cause of the motions. Theoretical considerations that would, 
even by a process of elimination, tend to direct thought toward the correct ideas 
would be extremely welcome. Additional spectroscopic observations—more numet 
ous and with higher dispersion than the present ones—are needed; they will certainly 


reveal new and important information 
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Shells Around P Cygni Stars 


\. D. THACKERAY 


AG Carinae, HD 138403, and Eta Carinae are tru lescribed as P Cygni stars. Emission 


bsorption lines are found in C.D $4 LISI16, but the P Cygi haracter of this star is not certainly 


THE spectrum of a normal star, for instance the Sun, consists of a pattern of narrow 
dark absorption lines crossing a continuous spectrum. Only a relatively few stars 
show bright lines, and these are mostly found among the hottest or coolest known 
stars. in which the energy radiated in the photographic or visual region is only a 
small fraction of the total energy. Among the hotter bright-line stars there are a 
few whose bright lines are accompanied by dark absorptions on their borders of 
short wavelength. Typical profiles of such combined emission and absorption lines 
are illustrated in the accompanying figure, numbered with the types according to 
BEALS classification (BEALS. 1951 

Any star which shows lines with profiles like these or the other types described by 


) 


BEALS is classified as P Cygni type after the star P Cygni, which is listed among the 


novae on account of its brightening to the 3rd magnitude in 1600: for the last 
250) years the star's light seems to have remained practically constant at the 5th 
magnitude. 

Kvery known nova which has been studied spectroscopically has temporarily 
shown bright bands bordered by absorption like Type I. The displacement in wave 
length, however is usually considerably larger in the typical nova than in a P Cygni 
star, and the emission bands of a nova are also usually considerably broader. 

The accepted interpretation of the nova spectrum is that we witness the radial 
expulsion of a shell from the surface of the star with a velocity V of the order of 
1000 km per sec or more. The broad emission bands correspond to the portions of 
the shell which do not lie between the observer and the nova: their velocities lie 


bet ween V’ and !’. The portion of the shell which lies directly in front of the 
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star as seen by the observer gives rise to the absorption border with the maximum 
velocity of approach, V. 

Such expanding shells surrounding novae have been actually observed in the cases 
of some novae several years after the outburst, e.g. Nova Persei (1901) and Nova 
Aquilae (1918). But by the time these shells became detectable the absorptions had 
disappeared from the spectra. This is understandable because the density in the 
shell would decrease as it was expelled and the number of atoms lying between the 
observer and the star will be inversely proportional to the square of the distance of 
shell from star. 

In the P Cygni stars we apparently witness signs in their spectra of similar ejection 
of matter; but instead of being discontinuous as in the novae, the ejection from 
P Cygni stars must be continuous over many years. Although this is not the only 
interpretation which has been offered for the typical P Cygni profile its validity has 
been put on a very sound basis by the work of BEALS (1939, 1951), who has put for- 
ward a useful scheme linking the P Cygni stars with the planetary nebulae, the 
Wolf-Rayet and emission B-stars. 

No actual shell has been detected around P Cygni itself or its counterparts in the 
northern hemisphere. The expanding shell which gives rise to the violet-displaced 
absorption must lie too close to the central star (as in the early phases of novae). 
However, in recent years it has been discovered that four southern stars, listed as 
P Cygni objects, are surrounded by visible shells. These observations add useful 
support to the hypothesis of continuous ejection of matter from P Cygni stars 
and provide an addition to BEALS’ scheme linking these stars with planetary 
nebulae. 

The discovery with the 74-in. Radcliffe reflector of shells around the three stars 
AG Carinae, HD 138403, and C.D. 16° 11816 was reported in W.N., 110, 524, 1950. 
These stars were described as P Cygni type in the Henry Draper Catalogue but little 
was known apart from the fact that the hydrogen lines were bright. Since the above 
quoted paper was written, slit spectra have been obtained with the two-prism 
Cassegrain spectrograph attached to the Radcliffe reflector and these are described 
below, together with some observations of the fourth star Eta Carinae; the shell 
surrounding the latter star had already been reported by VAN DEN Bos (1938) 
and GAVIOLA (1950). 

AG Carinae. This star is remarkable in many respects. Its recently discovered 
surrounding shell (Fig. | (e)) has dimensions 39 « 30” and looks red, presumably 
due to Hx. The central star varies irregularly between 7"7 and 8™5 pg and is con- 
siderably brighter than the nucleus of any planetary nebula. 

The spectrum (Fig. | (a)) is of classical P Cygni type. Combined emission and 
absorption has been observed for the following lines: Hp, Hy, H0, (116): He t 4922, 
4713, 4471, 4120, 4026, 3964, (103); Mg tm 4481 (107); Sim 4128, 4130, (73); and 
Fe 11 4233 (66). The figures in brackets indicate the mean velocity in kilometres per 
second of absorption relative to emission for each element. Ca U1 has strong absorp- 
tion only; .V 1 also appears weakly in absorption and there is some evidence of 
Sim. One plate shows Fe 11 4419 and 4395 emission; another shows the same 
lines in absorption only. Such variations deserve further attention. 

The chief point of interest in the interpretation of the spectrum is whether the 


absorption could conceivably occur in the visible shell or in layers lying much nearer 
to the central star. Apart from the unlikelihood that the density in the shell could 
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be high enough to produce the absorption there is another argument which points 
rather strongly to the absorption taking place near to the star. According to the 
dilution effect of SrRUVE and WuRM (1938), absorption lines arising from metastable 
states should be relatively strengthened in shells lying at distances of several stellar 
radii. In AG Carinae no such effect is observed for such lines as He 3964 compared 
with He 4026, while the well-known lines .Wg 11 4481, S7 11 4130 whose lower states 


ire not metastable are quite prominent in absorption. The displaced absorption 
Ti 


leretore probably originates in a shell quite close to the star. (Since this was written, 


1953. the Wg u 4481 and S 1 4130 absorptions have disappeared. ) 


68, 46° 11816. The shell around this star is shown in Fig. | (f), as recorded 


on two exposures of 60 and 120 sec (Kodak O-E plus Wratten 25 filter). 


I I Il 


The spectrum (48 A per mm at Hy) appears in Fig. 1 (4 O 11! 4959 and 5007 
can be seen considet ibly weaker than Hp. The object is presumably to be regarded 
is a planetary nebula of unusually low excitation. The nucleus is very bright com 
pared with the nebula, and consequently the continuous spectrum is very prominent 
and tends to mask the emission lines. But the strong hydrogen lines can be seen 
extending well outside the continuous spectrum. 

The following lines have been found bright: Hp, Hy, Hod, He, He 4471, 41207: 
O 11) 5007, 4959 Ou) 3726. 3729: and in absorption He 40267, Siiv 4089. 
The radial velocity from six emission lines 1s 83. km per sec, that from the two 
absorptions 86 km per sec. It would be desirable to secure spectra at higher 
dispersion of this 10" object, but from the present evidence it can hardly be placed 
in the P Cygni category. 

HD 138403. The red halo surrounding this star is conspicuous to the eye with the 
i4-in. reflector. Photographic evidence is presented in Fig. | (g) where two expo 
sures of 10 and 30 see (Kodak O-E through Wratten 25 filter) are compared with 
images on the same plate ofa nearby star (Fig. 1 (#)). The halo around HD 138403 
is about 6 of are across. 

The spectrum is definitely of P Cygni type (Fig. 1 (d)).. Combined emission and 
absorption (BEALS Type 1) has been measured for the following lines: He 4471, 
4026 (89); Ci 4647 (140): Cm 4267 (143); Si iv 4116, 4088 (141): and Nin 
4097 (144). The velocity shift between absorption and emission is given in brackets. 
The bright hydrogen lines appear to be superposed on rather wide and very shallow 
absorption (BEALS’ Type VI without central reversal). Pure emission, attributable 
mainly to the central star, is found for V in 4640, 4634, He 4713, 4388, C 11 4368 
and diffuse emission at 4415 A which may be a blend of O 1 and C ur. These bright 
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lines have not the width commonly associated with Wolf Rayet stars. Pure absorp 
tion has been found due to He 1 4541 and 4199; but strangely enough there Is no 
sign of He 11 4686. The presence of both carbon and nitrogen is of particular interest 
in view of the well-known tendency among Wolf Rayet stars for one of these elements 
to appear to the exclusion of the other. 

Emission which must be attributed to the nebula on account of its extension well 


outside the continuous spectrum is represented by the following lines: hydrogen 


from Hz to 3770 A, [O mt] 5007, 4959 (much weaker than in C.D. 6) «6UL LS16 
see Fig. l(c): |O IT | 3726, 3729 (strong! N | 6584. 6548 (strong!). |S 1 L068 
4076, 6717, and 6731. [NV 11] 6584 is about equal in strength to Hz so that the red 


colour of the nebula is due more to nitrogen than to hydrogen In this respect the 
object bears a strong resemblance to CAMPBELL’S star BD 30° 3639. But the 
continuous spectrum in HD 138403 is stronger relatively to the nebula and less 
emission features are therefore open to detection 

Kta Carinae. The very complex halo surrounding this famous star has been 
described elsewhere (WoN., 110, 524. 1950, and Gavtona, 1950 See Fig. 2 (¢ 
for three short exposures on a blue plate, and Fig. 2 (a) for the nebula NGC 33 
in the neighbourhood of the star as recorded on Kodak 103 aE plus Wratten 25 
filter.) 

The spectrum of this object is one of the most interesting in the whole sky, con 
sisting largely of bright lines due to ionized iron on a weak continuous spectrun 
Undisplaced Ca 11 H and K absorption is presumably interstellar, but much stronget 
absorption components are found displaced to the violet by 475 km per sec Fig 
2 (b): a similar component to H He 3889 can be seen on the same plate One 


of the most surprising features is that absorption components, with about the same 


velocity displacement, have also been found accompanying the strongest bright lines 
of | Fe |. Such absorptions due to | Fe | 4452 and 4814 are shown in Fig. 2 (¢ 
and (d). Many of the strong lines also have weaker emission components on thei 


violet borders. They thus have profiles which constitute a combination of BEALS 


Type IIT and I (Fig. 3), 7.e. a doubled emission with a strongly displaced absorption 
component. 

“Forbidden” lines have much lower transition probabilities than “permitted 
but an atom in a metastable state can make a downward forbidden transition with 
the emission of a forbidden line provided it is left undisturbed by collision or absorp 
tion of radiation for a time of the order of | sec. Conditions of low density and weak 
radiation are thus favourable to the produc tion of bright forbidden lines which are 
so familiar in planetary nebulae. The forbidden absorptions in Eta Carinae are 
difficult to understand because they are quite as strong as the absorptions of pet 
mitted lines (cf. absorption due to Fe 1 4508 in Fig. 2 (c)). It is true that most of 
the | Fe 11] absorptions take place from low-lying atomic states which are presumably 
much more populated than the subordinate levels giving rise to permitted Fe I. 
However, absorption is also observed for the He 4471 line which, besides being nof 
metastable, has the very high level of 20-9 volts. “Forbidden” transition probabilities 
are known to be increased in the presence of electric fields. If this is the cause of the 
forbidden absorptions of Eta Carinae, then one cannot invoke the low density that is 
customarily associated with the production of forbidden emission lines. 


It has already been mentioned that expanding shells around certain novae have 


been detected some years after the outburst. If V is the average expansion velocity 
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(in kilometres per second), since the outburst, and d is the angular separation (in 


seconds of arc) of the shell from the star ¢ years after the outburst, then the distance 


p of the star measured in parsecs is obtained from the relation : 
p O-21Vid. 


It is customary to identify V) with the absorption velocity observed in the P Cygni 
stage of development of the nova spectrum. This method of estimating distances 
f novae is particularly valuable because (like that of trigonometrical parallaxes) it 


is onde pe ndent of interstellar absorption. 

In the case of Eta Carinae. no spectroscopic observations of V were possible at the 
time of the outburst 110 years ago, but if it is assumed that the average velocity of 
expansion is the same as that obtained from the absorptions in the current spectra, 
then we obtain a distance p 1200 parsecs. This estimate agrees with that for the 
distance of NGC 3372 (Fig. 2 (a)) and provides the most direct evidence that Eta 
Carinae is actually embedded in the nebula. 


AG Carinae is also situated on the outskirts of NGC 3372. In this case there is no 
known history of an explosion. But if we assume p 1200 parsecs, as for Eta 
Carinae, and take V 100 (in accordance with current observations), d 18” of 
are, then we find / 1000 years approximately. Thus, if the shell around AG 
Carinae arose from a nova-like outburst, then such an outburst probably took 
place about LOOO years ago. A more accurate estimate could, of course, be obtained V 
by comparing photographs of the shell many years apart. l 
For HD 138403 p and ¢ are both unknown. 
Finally it is interesting to consider the case of P Cygni itself. Here / 350. 
p 1200 (according to BEALs), and V’ is approximately 200 km per sec from the 


absorbing lavers which apparently lie furthest from the star. Hence we deduce 
d = 12°5 of are, again on the assumption that the observed |’ corresponds to the 
average ejection velocity over the 350 years. Might a faint shell with radius 12-5 
of are be detected round P Cygni with a suitable filter to reduce glare from the 


central star’ The experiment seems worth trying. 
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The Masses of Spectroscopic Binaries 


ARTHUR BEER 


The Observatories Cambridge 
SUMMARY 
The problems involved in the determination of masses of the components of spectroscopic binaries ar‘ 
discussed. Attention is paid both to methods which yield individual masses, and to statistical methods 


applicable where individual masses cannot be calculated because only one spectrum is observed ot 


because the orbital inclination is unknown. Compilations and reductions have been made of some 


1200 stars (the majority of which have not previously been considered for mass-determination, since the 
data were insufficient to furnish individual values), and a programme is outlined for their statistical 
use in the investigation of their relation with luminosity, radius, and other stellar parameters 


l. INTRODUCTION 


[IN this note the writer returns to a theme which was a favourite of his some twenty- 
five years ago (BEER, 1927), in order to review the present “vista” in this field, 

“The only direct method we have of determining the mass of a celestial body is to 
measure its effect upon the motion of another body. It follows that the binary stars 
are the only ones whose masses we can determine directly. Since a knowledge of 
stellar masses is fundamental in all studies of the dynamics of the stellar system, 
the methods by which we calculate the absolute and relative masses of the com 
ponents in the visual and spectroscopic binaries merit careful attention.” 

These words (AITKEN, 1918) apply to-day even more than at the time when they 
were first written, nearly four decades ago. The enormous development of theoretical 
astrophysics has come to supplement the demands of stellar dynamics for exact 
stellar masses, and the studies of the stellar interior and of stellar atmospheres hinge 
essentially on this parameter which is perhaps the most important in determining 
the phenomena we encounter in stellar behaviour. 

Both the major groups of binaries the visual and the spectroscopic systems, 
provide determinations of stellar masses. The characteristics of these groups have 
recently been reviewed by vAN BresBROECK (1951), VAN DEN Bos (1955), and 
HyNeK (1951). References to the observational material of spectroscopic binaries 
were given by CAMPBELL, CURTIS, MooRE, and NEUBAUER in the Lick Observatory 
Bulletins Nos. 79, ISL, 355, 483, 521 (1905-48). 

It appears established that both groups are part of the same “‘family”’, with prob 
ably acommon origin. Observational selection plays an important part in both groups. 
Amongst the observed binaries, those for which the plane of the orbit has a large 
inclination (measured from the tangential plane perpendicular to the line of sight) 
will be in the majority, as also will those with short periods, since these are more 
easily discovered by spectroscopy. Difference in spectral type between the com- 
ponents, large parallax of the system, and some difference in magnitude between the 
components, all appear to help the visual discovery. Different selection effects 
occur in the various methods of observation according as the telescope is used visually, 
with a spectrograph, photographic plate, or photocell; and depending as well 
on the methods used to measure the spectra, the use made of the micrometer, 
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microphotometer, efc. All these complex effects have to be singled out before a 
really successful attack can be undertaken. 

In particular, we shall have to distinguish between the well-known classes of 
spectroscopic systems; namely, binaries showing two spectra separated by their 
Doppler displacements, stars showing composite spectra (combinations of two 
different spectral types) but without measurable displacements, pairs with such a 
faint secondary component that only the spectrum of the primary is recorded, and 

lv systems exhibiting dynamical interaction, caused, for instance, by a common 
iseous envelope, perhaps with mutual transfer of matter. In this last class, as has 
ecome apparent In cases of close eclipsing binaries, the spectroscopic elements are 
falsified: ¢.g. photometric observations give circular orbits, while the physical 


j 


disturbances simulate a spectroscopic ellipticity. Reference should be made to the 


ecent book by STRUVE (1950c) which gives a full account of the fundamental work 


Statistical relationships have been investigated by many authors, for example by 
\ITKEN (1918), Beer (1927), and by Kurper (1935a, 1935b). Since we shall here 
Only be concerned with certain aspects of the mass problem, some headings will be 
sufficient to indicate the scope of these other statistical researches. 

Detailed analyses have been made, for instance, of the distribution of the mutual 
distances of the components of the periods and their relation to distances, mass, 
eccentricity, and longitude of periastron: of the absolute magnitudes of the com 
ponents and their differences. and of the dependence on spectral tvpe. Analyses 
have also been carried out of the general distribution over the sky; and the attempt 


1umber of double stars 


has been made to evaluate statistically the probable total 
when components ol multiple systems are counted separately ca appears from 
these studies that as many as SO per cent of the stars ma\ be binaries. 

The Irequency ol separations as illustrated by KUIPER (1935a, 1935b), shows the 
intrinsic continuity of all binaries from stars practically in contact up to the widest 
s. to quote KUIPER 


visual pairs. The median value of about 20 astronomical units 
195] remarkably close to the distance of the major planets from the Sun. It 
ulmost looks as though the solar system is a degenerate double star in which the 
second mass did not condense into a single star but was spread out and formed the 
planets and comets’. The study of the period-eccentricity relation also strengthens 
the view that all binaries really belong to one family, and so does the recognition of the 
similarity of mass-distribution among the components in all groups. Other items. 
which must for the present purpose be by passed, concern features of axial rotation 
in relation to the masses of spectroscopic binaries, as well as cosmogonical aspects of 
these problems. As to the latter, reference is made to Section 16 of this book, in 
particular to AMBARTSUMIAN S article on p. 1708. 

‘| he group intermediate between spectroscopic and visual binaries is of particular 
interest. Special attention has been paid to it, amongst others by HyNEK (1938; 
1951, p. 472), who summarizes the matter by saying that KurpPEeR’s Gaussian 
distribution curve of the mutual distances indicates that these ‘spectrum binaries” 
should be about as numerous as ordinary spectroscopic binaries, and should have 
separations from | to 6 astronomical units and a range of periods between about } to 
6 years. Thus duplicity will be difficult to detect visually, and the radial velocity 
variations will generally be too small for their spectroscopic discovery. A substantial 
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difference of spectral type of the two components, however, will lead to classification 
as a star with a composite spectrum. It is known that only about 3 per cent of the 
known spectroscopic binaries, and only about | per cent of the visual systems with 
separations below 1”, have composite spectra. A continued systematic investigation 
of all such spectra should thus lead to promising results in view of the recognized 
cosmogonic importance of this group. 

The following references, covering about the past twenty-five vears (and, on the 
whole, not discussed elsewhere in this paper), deal with the determination of star 
masses, visually and spectroscopically, and the relations amongst them and other 
connected problems: SHAJN (1928, 1930), PiTMan (1929), JACKSON (1932), VAN 
MAANEN (1933), BLEKSLEY (1934, 1935), Losseva (1936, 1938), BARNES (1937), 
LUNDMARK (1940), Masanr (1950), Leone (1952), IRwin (1952), KURZEMNIECE 
DAUBE (1955), Kopan (1955). The mass-ratios of binary components have been 
examined in this period mainly by StruvE (1927, 1948a, 1954), SHAJN (1929, 1937), 
KREIKEN (1930), Zessewitscu (1930), Hurrer (1934), Prrman (1935), GABOVITS 
(1938), COLACEVICH (1938), VAN DE Kamp (1940), Wiison (1941), LEONE (1949), 
BLANCO (1952). In addition, the masses and statistics of eclipsing variables and of 
single-line, 7.¢. one-spectrum-binaries, are referred to in papers by GAPOSCHKIN (1932, 
1938, 1940, 1951), HOLMBERG (1934), PLUMMER (1938), PARENAGO and MASSEVICH 


(1950). Phaut (1950. 1953). Fracastroro (1953) 


2. THe Two-sPEcTRA STARS 
Determination of masses of visual binaries requires the knowledge of the parallax 


7 of the system, according to Kepler's third law 


Uy Ls a?/773 P* ee | 


where w, and sw, are the masses of the two binary components, a the semi-majo1 
axis of the relative orbit (expressed in astronomical units), and P the period in years; 
we note that an error of 10 per cent in the parallax causes an error of 30 pel 
cent in the mass. On the other hand, spectroscopically determined masses are free 
from this restriction (which confines the knowledge of reliable “‘visual’> masses 
essentially to late spectral types). However, another complicating factor interferes 
with the determination of the spectroscopic masses: the orbital inclination 7, which 


appears in the expression for the total mass 


My ——— _(A K,)?P(1 e):, er} 
sin? 2. 10 ~ 
(where A, and A, denote the semi-amplitudes of the radial-velocity curve in kilo 
metres, P? the period in days, and ¢ the eccentricity); or in the corresponding 
equations for the relative masses of the components, when both spectra have been 
measured separately : 
fy 9 Sil" 4 10385 ..10-". (A, K,)?A, PC e*)’, no EN 
The importance of mass determinations from visual binaries is dealt with else 
where in this book by vAN DEN Bos and vAN DE Kamp (1956) (Vol. 2, p. 1035 and 
p. 1040), and the following survey is therefore mainly concerned with the spectro 


scopic binaries. (Other aspects in this field are discussed in this volume (Sections 


12 and 14) by Fracastoro (p. 1198), JOHNSON (p. 1407), OVENDEN (p. 1193) 
STRUVE (p. 1371), TCHENG Mao-Lin and BLocu (p. 1412), and Woop (p. 1171).) 


The masses of spectroscopi binaries 


The increase of the observational material since the writer’s 1927 survey has been 
enormous: at that time a total of 1003 stars were known to be spectroscopically 
double, and for only 303 of them were the orbital elements available. These figures 
have now been doubled. Stars with variable radial velocity are listed in the recent 
catalogue by R. E. Witson (1953): we have orbits for 615 of these, according to a 
recent compilation (BEER, 1954). Parallel to this great observational advance, 


which has widened the numerical basis of these investigations, corresponding 


] 


progress has been made in the methods of interpretation. 


_ C x 
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For an actual knowledge of the individual masses and the total mass of the 
spectroscopic system, we are obviously restricted to the cases of stars with known 
inclination 7. which constitute only about 25 per cent of the total number. These 
are essentially eclipsing binaries, supplemented by a few data from interferometric 
results and also from micrometric measurements for the longest periods. 

For the majority of cases the only recourse is to the use of a statistical mean 
inclination, in order to arrive at some general results for certain groups of stars, 
within which we may justifiably assume statistical randomness of the 7-values. 

To CAMPBELL’s (1910) theoretical random value of 57:3, SCHLESSINGER and 
BAKER (1910) added the assumption of a discovery probability proportional to sin 7, 


and arrived at sin® 7 2/3. Ina detailed monograph, BERTHOMIEU (1948) took up 


the whole question again and proposed a sub division of the mean inclinations 7, of 


spectroscopic binaries into three classes S, #, and (# — 8), namely spectroscopic 


binaries without eclipse, giving 7, 55:9: those with eclipse giving 7,” S0°8: 
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and the combined material with 7, 63:3. The corresponding mean values of 
sin® i are 0:563. 0-942. and 0-675. respectively : PLautT (1953, p. 25) gives 0-939 


for the group /, considering all eclipsing binaries brighter than 8™5 at maximum 

Fig. | contains all two-spectra spectroscopic binaries available to-day (BEER, 
1954) and represents the logarithms of the masses of the components (log 4, 9) 
plotted against the spectral type as given by the observer. The inclination-factor 
has been eliminated: (a) by individually known values of 7, determined photo 
metrically or, in thirty-eight cases, visually or otherwise; or (b) by using 0-942 for 
eclipsing binaries with unknown photometric orbits; or (c) with 0°563 for the r, 
maining non-eclipsing stars, which are added for statistical comparison 

The diagram contains all available components, except for two stars, log yu, 

1-44 and log mw, 1-25, which could not be entered in the diagram, the 

spectra being WC7 and WN6, respectively: two other stars (OS 2-13 and B9 

2-30) fall outside the top margin of the diagram. 


The primary components (mass ,) of the above-mentioned cases (@) and (hb) are 


marked with dots (@), the secondaries (mass Uy with crosses the cases (¢ 
which are usable only statistically, are marked with open circles oO and the diagram 
does not distinguish between Wy and uy. In addition Fig. | contains, drawn as a 
solid line, a curve adopted by PLAUT (1953, p. 23) for the mean Uy values, together 
with a dotted line based on the log w-spectrum relation given by RussELL and 
\IOORE (1940, p. SY, Table 2s). 

To single out the data of the eclipsing variables within our catalogue, use was 
made of the references of the spectroscopic observers, of the catalogue by PRAGEI 
1941). of the General Catalogue of Variable Stars by KUKARKIN and PARENAGO 
(1948) and its Supplements (1948-53), and of the lists given by PLauT (1950, 1953 
PaARENAGO and Massevicu (1950), PrLtowskr (1954), Kopan (1954 particulat 
mention should be made of the very helpful tables of CHUDOVICHE\ 1952) and 
the invaluable Finding List by Woop (1953 
If we group the 343 available main-sequence masses together within thirty spectral 


sub diy islOns and take the means, we obtain Table - 


] ] 
‘ \ \ N 

Q 5-t 33.Qq o \ 6-3 2.] 7 
() S-4 21-8 y \ &-4 | -¢ g 
B O-O 17-3 } KF O-O 2°] 7 
B10 13-6 7 Kk LO ».] S 
B 2-0 11-5 LO F 2-0 1-7 13 
B 3-0 11-3 23 I () 2-4 LO 
B 4-0 9-7 ) KF 4-0 1-9 5 
B50 70 lt KF 5-0 1-9 12? 
B 6-6 7:7 1] KF 7-5 1-4 1} 
Bb 8-0 7:8 2 kK 9-t 1-6 12 

. > 9-0) 5 14 G 1-7 1-3 Ld 
\ 0-0 2.4) WAS) ( t-4 1-0 17 
A 1-7 2-5 14 G 7-4 1-5 7 
\ 3-0 2-5 12 KO 1-4 10 
\ 4:8 2-4 10 K 5-0 O-7 7 


\etua 


massive stars of the giant sequence were excluded from the whole material, as well 


there are 17 O-stars, 111 B-, 81 A-, 76 F-. 41 G-. and 17 K-stars. The 


is seven peculiar stars (OS—A0) with exceptionally large masses. 
Graphically smoothing out Table 1, and taking account of the weight of the 
points as given by nv. we might summarize the results for the masses of the two 


by Table 2. 


lable 2 
Spectrum ‘ ) Spectrun 

Q ( 32-0) A 5 22 
Os 23-0 FO 1-9 
BO 17-0 F 5 1:7 
B 2? 12-5 C2. 1-5 
B 4 SD G 1-3 
Bt 7-0) KO 
B S () IK (eS 
\ 0 >.) 


) 


In addition, we have determined for the last column of Table 3 (see p. 1399), for 
comparison with the results for the one-spectrum stars, the mass-values derived from 


Table 2 for the appropriate mean spectra used in this subsequent table. 
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If we now plot the 207 available individual mass-ratios x Uy/u, (defining 
Y. 1) against the spectral type of the primary component for all two spectra stars 


eclipsing and non-eclipsing) we arrive at Fig. Features illustrated by this figure 


that there are relatively few stars with « between 0-6 and 0-8: for the B stars x 
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covers the wide range from 0-2 to 1-0: most of the F stars, on the other hand, lie 
between 0-8 and 1-0. Obviously, selection-effects will influence this situation. 

The next two diagrams, Figs. 3 and 4, illustrate the relations between the two 
components of those fifty-six pairs for which the observers explicitly indicated differ 
ences in spectral type. In Fig. 3 the ordinates are the mass-ratios, and the lines in the 
direction of the abscissae point from the primary spectrum (i.e. the spectrum belong 
ing to the more massive star) towards that of the secondary. It can be seen that in 


forty cases the secondary is of a later, and only in sixteen cases of an earlier type. 
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Differences in spectral type are more frequent for small x-values (when wy << W,, 


with w, often belonging to the less massive late dwarfs). 

Fig. 4, in which eclipsing stars are given as dots and the other two-spectra stars as 
open circles, plots spectrum I against spectrum IT and thus supplements the indica 
tions of Fig. 3; altogether 120 systems are now available, since this diagram is not 
restricted to the knowledge of « and also contains all systems having components 
of the same type. 

In an increasing number of cases spectrophotometric analysis has led to a know 
ledge of the magnitude differences A.W between the two components in particular 
through the fundamental work by PETRIE (1934, 1939, 1948, 1950a, 1950b, 1950e, 
1950d, 1952, 1955: see also PETRIE and MAUNSELL, 1950). These A.W/-values can be 
plotted against the mass-ratios, using an empirical mass-luminosity relation. From 
RusseLL and Moore's (1940, p. 112) expression M, » 5:23 9-54 log 4, » for 


the absolute bolometric magnitudes, we obtain for AW = M, — V, the curve 
AM 9-54 log x, which can be compared with the observed (AM, x)-points. A 


im reproduced by Hynek (1951, p. 462) relates to fifty-five systems, based on 


PETRI it is apparent that the positions of the points representing small mass 


ne svstems. for both components of which absolute magnitudes have been calculated 


phe 


os. 7.e. large differences in mass. deviate from the theoretical curve in the sense 
t at least one of the two components is ‘“‘overluminous”’ for its mass. 
dur Fig. 5 contains the whole material used in the present paper, comprising seventy, 


the various methods mentioned below: this is sixteen systems fewer than were 


ilable for Fig. 7 below (for eleven we have no reliable x and for five no AJ). 
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diagram covers the range 7 0-30 and AW $M. only two stars fall outside 
range, (0°36, 4™7) and (0-58, 7™7). The theoretical curve A.V 9-54 log x has 


vdded for comparison 

has been possible to extend the derivation of absolute magnitudes to eighty-six 

stars. forty-five of which were previously used by PLAUT 1953). For 

nteen of the other forty-one stars, photometrically determined radii expressed 
have become accessible through papers by GAPOSCHKIN, HAFFNER, KOPAL, 

IANN, NEKRASOVA, OOSTERHOFF, PEARCE, and Srruve. For eight stars in 

dual luminosities became available, partly with the help of a parallax and a 


tometric value for L,/L,. 


For the remaining sixteen stars. with unknown photo 


metric radii, direct or indirect parallaxes were used to derive the total visual absolute 


agnitudes M, , (vis) of the systems. We then have: Moo 11-40 
LO log 7’ and Myjis Myo BC, where the effective temperatures 7’ and the 


5 log r 


> 


bolometric corrections BC are tabulated by Kureer (1938. pp. 446, 453). Mainly 
by consultation of the light curve, approximate intensity ratios were assigned to the 


two components, wherever required. In six cases it was necessary to perform the 
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Fig. 6. Specti liagram 
than 80 per cent of these have A.V I™4, and 0"7 was taken as representative for 
the two-spectra systems. Since 93 per cent have AW 2m? the latter value was 


taken as the lower limit for the “transition” of a two-spectra into a one-spectrum star. 


Fig. 6 contains 172 points (Wyjis, Sp), ¢.e. all of our eighty-seven systems except for 
the two Wolf-Rayvet components (WC7 at 23, WN6 at 3™1). Primary stars 


The masses of spectroscopic binari 


are marked by dots (@) and secondaries by circles (O). The points which deviate 


most below the main trend belong to the B-stars AO Mon (I and IT), AQ Cas (I and 
Il), and 31 Cyg (II). 
To conclude, we now represent in Fig. 7 the quantities Wyo) against log Vu. 


The material, taken from that used in Fig. 2. comprises all the eclipsing stars in this 


figure and twelve additional systems not contained in Fig. 2 because of their missing 


y-values. Thus all available eighty seven systems for which it has been possible to 


calculate. from their orbital inclinations. individual masses and absolute visual 


magnitudes M, and M, of both components, are now used. To these values of 


Myicthe bolometric corrections have been added according to KUIPER (1938, pp. 446, 


— 


3/, 
log vy 
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$53), as also used by PLaut (1953): the values given by the latter for the spectral 


ype ol the secondaries, SPy (COMP), have been accepted in our diagram as the appro 
priate ones, wherever they are available, as these take the individual photometric 
characteristics more into account. The primaries are marked with dots (@), and the 
secondaries with circles (0): the circle which deviates most in the upward direction 
belongs to AQ Cas, that below to RX Cas. 

RussELL and Moore (1940, p. 389, eq. 94 derive for the brighter component 
log w)/3 00-0400 (VW 5-20), and find that this empirica 


relation “represents 
the course of the mass-luminosity relation over the whole range for which direct 
observational data are available, within little more than the casual error of the 
individual normals with which it is compared. The observational range covers 15™ 
in M, or 17™ in the true absolute magnitude. and 0-72 in log ¥ u,, corresponding 
to a factor of 140 in the mass’. This straight-line relation has been inserted into 
Fig. 7, and the comparison with to-day’s material is indeed of great interest. 
Originally, this curve was based on all reliable individual data relating to visual 
and spectroscopic binaries. Some of the outstanding discrepancies which we notice 
have previously been discussed by STRUVE (1948a). For instance, XZ Sgr indicates 
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a luminosity difference between its A- and G-components of about 2™5; the mass 
function is 0-004; 7 90° and nw, 3 give a mass-ratio which leads to yw, 0-35. 
The (A.M — z)-relation, mentioned above, would therefore require a magnitude 
difference of about 9™, which is in excess of the observed one by 6™5 (i.e. the secon 
dary is more than 200 times more luminous than predicted by the curve). Other 
deviating cases are, according to STRUVE, the W Ursae Majoris stars with an average 
mass-ratio of 0-54, which would require an average AW of 253; spectroscopic and 
photometric evidence, however, points towards very similar luminosities of the 
two components. 

Furthermore, the fainter components of many Algol-stars are much more luminous 
than would correspond to the mass-luminosity relation. Here the situation has been 
extensively discussed, and very interesting results arrived at, by StruveE (1954 
Recently, infra-red studies of Algol-star companions have also proved promising 
see, ¢.g., BEER and Kopatr (1954). PETRIE (1939, 1948) pointed to large discrepancies 
among the ordinary giants, and so did HyNek (1948). Here again, spectroscopic 
binaries provide fundamental material to test and limit the validity of the mass 
luminosity law. We also refer to anothe papel by STRUVE (1948b) and to his 
George Darwin Lecture (1949) on spectroscopic binaries; here he also emphasizes 
early relevant researches by F’. EK. BAXANDALL, who was F. J. M. STRATTON § 
collaborator in Cambridge 

To complete this section, we finally list some further interesting work, not yet 
mentioned, devoted to the exploration of the mass-luminosity relation, its dis 
crepancies and related problems, carried out during the past twenty five years or so. 
This comprises the papers by REDMAN (1927, 1928), MCLAUGHLIN (1927), LUNDMARK 
and LuyTEN (1928), PETRIE (1934-56, see p. 1046), ELLSworTH (1934, 1938), 
COLACEVICH (1936), DURAND (1936, 1938a, 1938b, 1938e, 1938d), PARENAGO (1937 
1939), Lwow (1939), LUNDMARK (1940), Batze (1943), BERTHOMIEU (1943), LOHMANN 
(1948), KurperR (1948), RUDKJOBING (1950), PrLowsKI (1950, 195la, 1951b, 195Le, 
1952, 1953), MASSEvITCH and PARENAGO (1950), GRATTON (1950), Kostrev (1951 


SHAKOVA (1952), SAHADE (1952), MCNAMARA (1953). 


3. THE ONE-SPECTRUM STARS 


We now turn to the stars with only one observable spectrum; in these cases we must 


exclusively rely upon the mass-function f which can be written: 


/ 1-:0385 . 10-'K,?P(] e=)', ye a 
or 
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The one-spectrum stars are by far the largest group: among the 615 stars with 
known orbits, there are 408 one-spectrum stars and 207 two-spectra stars. The cir 
cumstances which prevent the secondary from being seen can be illustrated by a 
“threshold diagram’, plotting the spectra of both components as abscissae and their 


* To quote J. L. GREENSTEIN (1955) in his Draft Report Co ssion 29 (p. 219) for the 1955 Dublin Meeting of the 
International Astronomical Union Che sub-giant Components of Algol-type variables proved t ntir lifferent fron 
subgiants. or those in wide visual binaries It is wssible that tl have lost appr ial ss il Iving, d i 


roximity of a denser binary 


absolute magnitudes as ordinates threshold curves ol the components allow the 


general behaviour of different component-combinations to be predicted (HyYNEK, 
1951, p. 465). 

In the one-spectrum stars we can obtain a first general estimate of the masses of 
the invisible components by using mean mass-values of the main components, 
together with a statistical mean inclination and a mean mass-function (taking only 
values exceeding 0-Q002 the result is x 0-19. Now. according to the data in the 
preceding section, the mean mass-ratio of all two spectra stal's Is 0-77: this corres 
ponds to a magnitude difference of 1™1. The above value 0-19 for the one spectrum 
stars, however, corresponds on the mass-luminosity curve to a magnitude-difference 
of 6™8. Thus, on the average, secondary components are not only “just invisible” 
but are in fact far below the “threshold of detection” (they will be mainly red dwarfs. 
whose average mass turns out to be much smaller than that of the Sun). The numbet 
ol secondary spectra which can be detected may be significantly increased 1 the 
development of a proposal described briefly in Vol. 1 of this book, p. 475, ¢fe., and in 


more detail in FELLGETT (1955 


In the previously mentioned paper (BEER, 1927, p. 111) an attempt was made to 
derive the mass ratio of the one-spectrum stars, x1. for various stellar groups. by 
| 3 


modifying the function f as follows 


Let } | be its mean \ ilue for all one-spectrum stars withu i given range of spectral tT) 
tvpe. and / 7, the corresponding value for all two-spectra stars in this group: we then } 
form the ratio I 17, ana ey iluate x 1 as follows 


For the 149 values available in 1927 the author obtained. for the three spectral 


ranges then used, the following mean values of x 1 |. 0415 EF. 0-466: G. 0-508 


and as the total mean 0-463 


Repeating this calculation with the new material, and after individual selection 
KURZEMNIECE (1954) was able to use 440 systems (out of 476 orbits); 294 of these 
belonged to the previously mentioned group S and 146 to F. The rejected cases 
comprised all stars with / 0-001, as well as all unreliable, and all extremely large 


] 
Values. 
The calculated data {ol y I can then also he used for the determination from the 
1-values of given spectral GYOUpS of the mean masses of the primary ¢ ponent m 


the one-spectrum systems. 


Investigating separately the groups F and S, it could be seen that there is no 
significant difference between the masses of these groups: they differ only through 
their geometrical arrangement with reference to the observer, and not through any 
deeper physical cause. In what follows both groups have therefore been combined. 


Obviously «1, f, and (1 uy) Will be affected simultaneously, but, due to observa 


1 
tional selection, in a different manner from spectral class to spectral class 


r less 


Furthermore, it is pointed out that eclipsing variables appear to be more ¢ 


uniformly distributed among the spectroscopic binaries, a result which is also sup 


ported by some recent theoretical considerations by SAAKIAN (1952). 
The following Table 3 gives the mean masses of the principal components fo 
nine spectral groups, both for the one-spectrum and the two spectra binaries, as 


derived from the two preceding equations 


i 

O-B2 1-305 S TD4 4 ()-73 (62 BO? ()2 D)of 1¢ 
B3—-B7 0-103 38 0-7OL 26 (6 (27 B 4-0 4.9 hy 

B8-—A5 O56 S() (): 237 {X ()-78 re y 4 1-5 2.4} a 

AG-F5 O065 39  O256 ; (SS (42 K 0-8 .» D>. . 
KS-F9 0-073 6) 0-158 ; O89 58 BN 7.4 1-4 ( ‘ 
dk6-dG5 O52 17 159 13 () j O45 iC; O-4 ‘2 

IG6-dK5 0-034 6 0-079 6 64 42 LIK 1-4 EJ i 
gGO-sgK0O 0-047 7 0-261 } +7 30 C 6-7 4 7 
gk 6-gK5 W114 44 W239 | O-S4 0-55 Gs 


The spectra F6-K5 are here subdivide 


Into the malin sequence Stars 6 ee) 


the dwart Groups dF6—-dG5 (‘subdwarfs und dGb6—dkK5: the giants gF6—-ckK5 
are separated, and also the main subgiant group s¢G0-s¢gK0O (while a few more 
sg-stars are contained in the group F6—-F9). The last column, 7, gives for comparisor 
the results obtained for the two-spectra stars, derived in the preceding section (se 


p. 1389 and Tables | and 2). 

The w, (1 values in the various groups show r.m.s.-errors between 10 and 52 per 
cent. the uy, (I between 21 and 58 per cent It can be seen from Table 3 that 
always less than ft, and z 1 % Il This v is to be expected f depends o1 the tota 
mass, the mass ratio and the inclination since the companion nm a One-spectrul 
svstem is invisible because it is too faint, its mass will be smaller than that of the 


companion ot a two spectra binary oft the same type and therefore 
0% ZT and / re) Uy >) U 


Furthermore, it is also plausible that we should have 71 i 11, because the dis 
covery of small amplitudes is favoured in the one-spectrum stars (1) of the S class 
above, ¢.e. the non-eclipsing stars, discovered by spectroscopic means onl) 
the two-spectra stars the spectral lines of both components show the variations and 
displacements with greater difficulty than do the single unblended lines in the one 
spectrum stars. A smaller amplitude, however, means that on the average thi 
binary’s orbit has a smaller inclination. The observed mean 7-value of the two 
spectra stars will thus exceed those of the one-spectrum systems; in other words 
there will be more systems with a small 7 among the group I than among u. In 


Table t both groups I and it have been combined. 
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In early investigations SMart (1925), Beer (1927), and SHAJN (1928), had sug 
gested that the mean x-values increase if one proceeds in the spectral sequence to- 
wards the later types. HoL~mMBera (1934), NEKRASOVA (1938), and BLANco (1952) 
also mention such a dependence. The new material, however, as analysed by 
KURZEMNIECE (1954), suggests that such a relationship cannot be established with 
certainty. Fig. 8 based on Table 3, giving x for the one-spectrum stars (1) and two 
spectra stars (11 plotted against spectrum, illustrates this for the new detailed sub 


divisions and shows that. indeed, both x 1 and ~ 1 appear to be practically constant. 
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From the theoretical point of view, however, we should actually expect an 
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K is therefore approximately proportional to sin ; ( ind x While the 


inclination is of course independent of the spectrum, the latter's correlation with the 
total mass of the system is well established, the mass decreasing towards later types 
Fig. 1. ete. For a given A, we should consequently expect, for the early-type 
stars with their larger mass, a smaller x: and correspondingly for the later types, 
with their smaller total mass. and for the same given A, a larger z. 

This reasoning. however. does not guarantee that we shall really be able actually 
to observe such an increase of x with type, and in fact we seem to be unable to do so: 
another selection effect has entered. It must be kept in mind that the ease with which 
the amplitude A can be observed in itself depends on the spectral type. Among 
stars of early type (which usually have diffuse lines) only those that happen to show 
sharply-defined displaced lines, will be singled out as spectroscopic binaries. This 
implies that the known cases of early-type binaries have the larger A-values as 
compared with those of the average late tvpes: and this corresponds to a relatively 
larger x, according to equation (5), and this effect thus tends to compensate the 
decrease of x with advancing spectral class, which would follow from the general 
decrease of mass. This combination of two effects seems the most likely explanation 
oft the apparent independence of x with respect TO spectral type, shown in Fig. ‘. 

The following Table 5 is derived from KURZEMNIECE’S Table | and gives a, for 
spectral combinations of 425 systems, selected from the above-mentioned 440 
S — Kk) systems: «,(1) and ,(11) have been grouped together, weighing them with 


their respective errors. 
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Table 5 

Spectral Mean . Percen- n 

range spectrum . tage 

O-B2 B 0-2 20-0 16 $2 

B3—B7 B 4-0 10-0 2» 64 

38—A5 A 1-5 2-7 12 13 

A6—F5 F O-8 2.» 14 76 

F6—F9 KF 7-4 1-5 17 8) 
dk6—-dG5 dG 0-4 1-3 17 30 
dGb6-dK5 dK 1-4 1-1 22 12 
sgG0-sg KO sgG 6-7 2-6 42 10 
gk6-gK5 gG 8:3 3°] 39 $8 


The above arrangement of the late types has been introduced following PARENAGO 
and MaAssevicH (1950, 1951), who placed the sg-stars on the mass-luminosity 


diagram somewhat earlier than the main sequence. Furthermore, the mean mass of 
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Fig. 9. The logarithm of j,, the mass of the primary, plotted against spectral type. 
The | ) represent the fy values taken from Table 5, and the other points represent different 
derivation methods (see text). The agreement of the | ) with these other points gives 
confidence in the validity of the method on which Table 5 is based 


the dwarf-stars given above must be larger than it would be for an undisturbed 
average: observational selection will have singled out the large masses, which have 
the larger K’s and are therefore more easily discovered. The large value for the sub 
giants is uncertain, due to the inhomogeneity of the physical characteristics in this 
small group of stars. 

Fig. 9 summarizes all log “,-values, after KURZEMNIECE, plotted against spectral 


class, and gives: (a) observed mean masses from Table 5 (marked »): (5) and (ce) 


ilues given by PARENAGO and Massevicn (1951) (0): and by RusseLt and Moore 
1940) (A d) masses derived from visual binaries by PARENAGO and MASSEVICH 


if a number of stars. The agreement 


1951) (@). Each point represents the mean 
hetween the points 1s on the whole satisfactory and indicates that the various methods 
ire systematically consistent with each other. 

ecent work has not only provided new material but has also been concerned 


t convenient methods for the evaluation of secondary masses in one spectrum 
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systems. PARENAGO (1950 iSSUMING that the principal component helongs to the 
main sequence, derived w,-values from the mass-luminosity relation. and then 
obtained statistically useful values of uw, from equation (5 with » Us/u, and 
J) (isin? 2, we have Y 4°] (I 7)*. The solutions are facilitated by the hnomogram 


reproduced in Fig. 10, which gives the relation between x (or #, and #5) and Q. For 
a given observed mass-function f and a calculated or statistically estimated inclina 
tion 7, the nomogram is entered with Y: if the mass 1, of the primary is known by 
any means the mass Uy of the secondary is then obtained directly. It should be 
noticed that if w, is taken from a spectrum-mass relationship, a certain degree of 
logical circularity is introduced into mass luminosity relations derived from it. 


It is of interest to note that PARENAGO Is able to list eighty-three one spectrum 
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stars with their YQ, 1,, v4 and with the semi-major axis A of the relative orbit of both 


components, expressed in solar radii P 7. 10°? km), 2.e., A asini/R Kor sixty 
two cases exact photometric values of 7 have been available, and for the remalning 
twenty-one stars it has been assumed that sin? ~ 1, 

Kor sixty one stars of this list the photometrically determined values 7, and 
for the radii of the stars are known, expressed in units of the semi-major axis 
through multiplication by A, their radii Rk, and Rk, are obtained in solar units 


Furthermore, using the photometric value of L,/L,, the magnitude-difference Am 


of the two components is found as Am 2-5 log (L, [,). \dding this Am to the 


absolute magnitude M, of the main component with the help of which uw, was found 


above). we obtain M,. 


Kor these last-mentioned sixty-one systems. therefore, values of log .W.. log u 
and log R, can be plotted in PARENAGO’s diagram, using as coordinates & log (u/R 
and >» log (M/u°). These coordinates have also been used in a detailed study of 


/ 


the mass-luminosity relation by PARENAGO and MASSEVICH (1950) (see also Kovut 
GANOFF, 1950), which was to include all reliable visual double stars, eclipsing binaries 
and spectroscopic values. Supplement ivy references to other and mainly earlier 
investigations of this fundamental relation have been given above (p. 1397 

The new data were actually taken from the card-catalogues of the Moscow Astro 
physical Institute (GAIsH). In all, 144 points of the new diagrams represent stars 01 
the main sequence, twenty one are slightly above it. seven slightly below it. three are 
white dwarfs, twenty-five subdwarts, twenty-six subgiants, and ten supergiants 
six are giants taken from BERGLUND’S (1936) study of visual binaries; in addition 
five mean values are used for slow visual pairs; and one point represents the meat 
mass Tor spectroscopic binaries of average type G5 and absolute magnitude 0™@0 
obtained by a statistical method BEER 1927). \ltogether. hesides these last 
mentioned six means, 242 individual stars were used. 

The main conclusion of these authors is that there is no unique mass-luminosity 
relation which is valid for a// the various star groups. There appear to exist two 
straight sections in the main sequence, I presented by ig 1-12 . w** tor O to G4 
and by L 0-41.22" for G7 to M types (Hants and supergiants are close to the 
upper section, white dwarfs far above (under-luminous for their mass) and subdwarts 


and subgiants far below the main sequence. The mass-radius relation turns out to be 


an irregular curve, intersecting the line log wv log R at the three points 0-43, 
0-15, and 0-00; these have the co-ordinates (B9, J QO™S F2, 3™3), and 
G4, $7), respectively. 

Additional diagrams relate to certain functions of u, L, and R. In addition to the 
above-mentioned (&, 7] relation (£ is the logarithm of the potential energ’ of the stat 
they discuss, for example, log p log u 3.log R (p is the logarithm of the mean 
density) and ¢ log L 3-5 log R — 6-5 log uw. Such diagrams show well-marked 


principal sequences, and the aim was to establish for each of them a HERTZSPRUNG 
RUSSELL diagram of the form L lO’u” R* (where x can involve the mean molecular 
weight): various solutions have been proposed and thei respective correlation 
coefficients listed (see also STRUVE, 1950a 


] 


The above-mentioned extensive tabulations by PLAauT (1953), comprising all 


eclipsing binaries photographically brighter than 8 at Maximum, are accompanied 


on p. 22, etc.) by a discussion of recommended mass values. both for one spectrum 


and for two spectra systems, derived from four sources. 


The masses of spectroscopic binaries 


1) By applying equation (3) to all two-spectra stars with known A, and K, 


only a few peculiar systems with well-established disturbances by gaseous streams, 
shells, efc., having been omitted). (5) The mass-function f of the one-spectrum 
systems was used in an adaptation of PARENAGO’S (1950) method (see also PARENAGO 
ind MassevicnH, 1950; KouRGANOFF, 1950; STRUVE, 1950a, 1950b). In the expres 
sion (5) for f. the factor sin? 7 is known from the light curve. and the values of Wy 
ire then inferred through the application of a plot of the kind presented here as Fig. 1. 
‘he mean curve (see p. 1391) can. of course. generally only be used for stars earlier 
than FO, if o1ants and dwarfs cannot be separated. Fora star witha civen observed 
spectral type, “individual” «,-values are read off from this curve; and we then 
tain z-values and therefore ~, from f by solving, in principle, the equation 
y {x 2Ax A 0, if we call f. (a, sin? 7) A. The graphical method 
for obtaining these data rapidly has been discussed above ®) 1402). (C’) The second 
modification of PARENAGO’S method, as used by PLAUT, is suitable for all stars for 
which the absolute visual magnitude .W, of the heavier star is available. either 
thi ugh Its parallax or by othe methods. These .W/-values then lead through the 
mass-luMIMoOsIt\ relation to the mass Uy (RussELL and Moore, 1940, eq. 94). The 
calculation of uw, then proceeds in the same way as above for (A). It is emphasized 
that this method has the advantage over (4) that here the purely statistical relation 
between 1 und spectral class is avoided. D) The fourth method. mentioned by 
PLavT, is a modification of (C), by introducing PETRIE’s ./-values referred to on p. 


1393. The accuracy of PETRIE Ss method in the case of two spectra systems is con 


= 


ly vreater than (6) and (C’): for these stars. however. PLAUT has in fact used 
od (A It is also noted that other methods have previously been discussed in 
the papers by HOLMBERG (1934) and GAPOSCHKIN (1940 


+ 


The present situation as to the mass radius diag im is reviewed by PILOWSKI 
1954) on the basis of his previous work (1950-53). He plots all eclipsing variables 
having completely known and reliable photometric and spectroscopic elements 
ether forty-seven pairs), and states that the fine-structure of the early part 
of the main sequence as proposed by Eacey (1950a, 1950b, 1950c, 1950d) appears 
essentially verified. 

The writer is at present engaged in an attempt to extend the discussion of the 
important w-R diagram by supplementing the systems mentioned above which have 


eal data available 


been determined individually, with the very extensive statist 
to day. A Tew concluding remarks about this will Summarize present possibilities. 

From what has been said above. the observational status of two spectra Stars can 
he divided into: (a) the well-determined bright eclipsing binaries, (4) the fainter and 
less completely known systems, and (¢ eclipsing stars without an 7-determination 
where in our discussion a mean value from all eclipsing stars has been used. There 
are further: (d) the non-eclipsing two-spectra stars, to be used with sin? 7 0-563. 
In one-spectrum stars we have e) the eclipsing binaries with known 7; and (/f 
the remaining eclipsing binaries, to which we apply the mean 7-values as used in 


c). Classes (¢) and (f) lead to expressions [ (My fo, %). There are, finally, (q) those 
one-spectrum stars without 7 where we again apply the procedure used in (d). 
l 


Then, for the one-spectrum systems, the combined use of the stars (a) and (b) 
furnishes the uw, (from known luminosities, as well as from the mass-spectrum relation). 
The Q-nomogram then gives the w,-values. Furthermore, these can also be deter 
mined with the other method outlined previously (p. 1398), which furnishes spectral 
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means of x 1 ® (71, 7 tf, a Ht): 
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these latter are then applied to the particular spectral 


types, leading via x1 towtand tt. The results of the various methods are averaged 


and, finally, more than 1200 single uw-values can thus be investigated st» tistically. 


In conclusion, the value of the study of binaries lies, as HYNEK recently emphasized 


again, not only in the fact that they are the only available means of discovering 


stellar masses, but also in the circumstance that the existence and dynamical state 


of binary and multiple stars constitute an important datum which any comprehen 


sive theory of stellar evolution must take into account. These two aspects of the 


study of binaries form a stringent test which no evolutionary theory has so fat 


passed ina fully satisfactory manne! 
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Evidence For and Against Binary Hypotheses of the 
Blue-red Erupting Stars 


MARTIN JOHNSON 


1. NATURE OF THE PROBLEM 


\ STELLAR spectrum dominated by titanium oxide normally denotes the low ten 


perature (2000°—3000°) at which stability and excitation of that material would 


occur in thermodynamic equilibrium. Correspondingly, at the other extreme of 
visible stellar temperatures, the lines of ionized helium must imply at least 20,000 
30,000° in thermodynamic equilibrium. We shall discuss in this note some old and 
new explanations of those few stars whose spectrum combines both the coolest and 
the hottest, the oxide and the helium simultaneously imitating phenomena of such 
extremely differing temperatures that either two separate bodies or two regions in 
radical departure from thermodynamic equilibrium must be sought 

It has commonly been supposed that these ““combination”’ spectra imply binaries 
one component of each pall being a normal hot B-star and the other a normal cool 
M-star:; great distance from us or small distance between the components could 
conceal the binary character, and eclipses and orbits could be hidden by orientation 
and the motions of a common envelope. The present author (1951) calculated some 
time-constants of fluorescence around these stars in terms of such binary hypothesis 
some authors employing the same hypothesis have written “‘companion star’ in 


inverted commas recognizing the uncertainty; MENZEL, who once propounded the 


1408 \vidence for and against binary hypotheses of the blue-red erupting stars 


binary theory, stated in 1946 that he considered a single star of complex structure the 


more likely explanation. 

These stars, all faint and irregularly fluctuating, have been studied mainly in the 
rreat American observatories, and our problem is set by the many important papers 
of Swines and Srruve (1940-1943), Merritt (1935, 1944, 1950a), PAYNE 
(;APOSCHKIN (1946), and others. It would be impertinent for an outside student to 
claim a solution of the problem, but comparison between implications of some 
possible solutions is offered here with tentative further suggestions: they may be 
ippropriate in a volume dedicated to F. J. M. Srrarron, whose researches on novae 


have taught that minor stellar irregularities may be a clue to the major catastrophe. 


2. CLASSIFICATION OF MATERIAL 


We first arrange into an order of decreasing eruptiveness six stars, each of which 
combines the extremes of TiO and He tr: in brackets we quote the periodicity of 
M type found by various observers fo the cool spectrum, associated with MERRILL’S 


ph -lao of one-fifth of the period between permitted and forbidden or nebular lines. 


T CBr: nova. 6 mag. range. 1866, 1946 (230 days 
Z And: nova. 3 mag. range. 1939, 1946 (650 or 715 days 


\X. Per and CI ¢ vg 


irregularity 2 mag. range, nebular lines post-nova type. 


R Aqr: irregularity 2 mag. range, with photographed innet and outer nebulosity 


387 davs). 

RW Hvya: irregularity | mag. range (370 days). 4 
The following are useful for comparison, each containing some resemblance and 
significant difference 


a) Other repetitive novae (RS Oph, T Pyx, Nova Sge No. 2, U Sco 
h) Observed B and M components of the visual binary x Sco which has Fe 1 
nebulosity but no pulsation and no present irregularity 
Observed B and M binary without either nebulosity or eruption (0 Ceti 
it must be recalled that bright lines of supe! thermal excitation are Common even In 
wie scent and solitary M-stars. 
(‘combined B and M spectra with | Fen W ( ep, WY Gem 
e) Less directly comparable, but offering clues to one or other feature, are also 
7 Car, RY Scu, P Cyg shells, tail-enveloped binaries (/ Lyr), prominence binaries 
¢ Aur), binaries with ring round one component (RW Tau), rings round both com 
ponents (UX Mon), rings of differing velocity in same binary (RZ Scu, RY Per), 
and ringed single stars (y Cas). Some of these descriptions may come under revision, 
but have been usefully suggestive. 
\part from those mentioned as observed binaries, a likely companion to Z And 
has been given definite properties by STRUVE (1944). and Merritt (1950b) has 
evaluated a very tentative binary orbit for R Aqr with reservation as to alternatives. 


3. CRITIQUE OF BINARY EXPLANATIONS FOR THE TI1O/HE 1 ERUPTING STARS 


(1) Binary systems are commonly recognized by their eclipses and orbital velocities 
but neither feature has been conclusively extracted from the complexity of intrinsic 
light fluctuation and gas velocity fluctuation in these stars. However, in so small a 
number of stars, favourable orientation of orbital plane to line of sight cannot be 


statistically demanded for any given fraction of the number. Doppler shifts due to 
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each component body as a whole will be difficult to disentangle from the large and 
widely fluctuating motion of gases which undoubtedly erupt from these very dis- 
turbed stars. The lag between emission and absorption velocities in Mira stars is here 
reinforced by MERRILL’s one-fifth period lag of forbidden lines, and the periodicities 
may involve orbital as well as pulsatory motion. Hence lack of detection of orbits 
may mean their concealment under gas velocity rather than evidence of their 
non-existence. 

(ii) MeNzeEL found against the binary hypothesis that PAYNE-GAPOSCHKIN’S 
synchronizing of the fluctuations in the B and M “‘apparent components” would be 
an unlikely accident if there were really two stars involved. This objection does not 
seem insuperable if the stars interact with one another, for example in the manner 
which we suggest below. An apparent “blue” periodicity could well be an effect of 
even a steady irradiation upon a fluorescing target whose size alters as the red star 
pulsates, as suggested by the present author (1951). 

(iii) Any binary hypothesis sets a difficult task for theories of simultaneous evolu 
tion, if very hot and very cool components are s pposed to be traceable to a common 
origin. The extent of this difficulty cannot be estimated until the origin of all 
binaries is better understood. 

(iv) We consider the most serious obstacle is the difficulty of understanding why 
these stars show irregularity of light amounting in the most disturbed cases to a nova 
outbreak. Hence no binary explanation is adequate unless it shows why B and M 
spectra which are quiescent in separated single stars become unstable when associated. 
We suggest below one way in which interaction between the components of a blue-red 


pair of stars might be understandable and thus mitigate this obstacle. 


ft, CRITIQUE OF THEORIES THAT THE HIGH AND LOW EXCITATIONS ARISE 


IN A SINGLE STAR 


It must be admitted at once that He 1 and oxides are both detected in the Sun, so 
that coexistence in one body is not inherently impossible. But neither spectrum 
approaches even remotely to domination of the solar radiation, and He 1 only appears 
in its rarefied outer appendages and faintly. Kxtrapolation to cover the blue-red 
phenomena might invoke any of the following. 

(1) Vast ly extended chromospheres do en\ elope stars of early types, SO erupt iveness 
in He 1 might denote prominences on a super-solar scale. But prominences of such 
long duration, magnified to dominate the spectrum, would offer no clue to the 
accompanying oxide. Chemical compounds in a star of high excitation have been 
detected in one or two novae, but only as brief transients probably denoting condensa- 
tion between separating shells. Amplification of prominences by a binary structure 
we investigate below. 

(ii) In two-phase models of red giants with a hot core, surges from the inner 
structure may occur when the source of energy production is in course of change. 
But this seems a more likely cause of an isolated nova outbreak on the large scale 
than the repetitive and minor irregularity observed. 

(iii) A purely external cause of irregularity is possible, such as (GAPOSCHKIN’S 
variation of star due to variation in interstellar nebulosity, for instance through 
changing rates of accretion. Since nothing is known of the density gradients in 


interstellar material, this suggestion remains untested. 


(iv) One recent model of red giants, in accord with Joy’s discovery that the bright 


th pulsation, 


hydrogen lines are located below the absorption layers, might possibly be extended 


er blue-red eruption, MCKELLAR and OpGERs (1952) suggest that these bright 


? 


ire the visibility of the convection zone during Opacity changes by pulsation, 


ynbination spectrum at densit far exceeding the chromospheric and differing 


v from Be spectra or luminous envelopes. 


Since helium also has a convection 


, super-Mira model analogous to that of MCKELLAR and OpGERS might account 


] 
blue-red anomalies 


? 


pulsation 
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binary hypothesis can be 
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f some reason were found for the irregularity superposed 


(‘OOL COMPANION 


established, either through 


are not insuperable or through the shortcomings in 


it may be relevant to outline briefly a process which 


mitigate the most serious obstacle. namely that no reason for the abnormal 


yeness h is been found. 
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mentioned 


prominences tf 


larity of the star's total light. 


BALDWIN 'S model of the 


before. 


binaries 


remnants of a pre binary state 


single stat 


whose. tail 


might first pe suppressed by the ring ind then rele ised Olia 


yefore elaborating the Suggestion, we notice that there 


>In iry explanations which would escape this objection might be approached by 
with quite ordinary prominence 
proceed to discuss, tentatively, whether rings could cause ampli 
)a more noticeable activity which would 
‘Rings are very common around binaries, 
VE, 1950), so that the mechanism which we propose is 
to binaries, and possible extension to a ringed single star will 
e evolutionary significance of rings is not fully known 
Per or RZ Scu tvpe have been suggestively associated not 


Ring rotation combined 


WwW il] offer 


KUIPER'S 
, and it is such a situation which suggests how a small prominence 
, enhanced seale. 


are two ways of explaining 


binary combination is more eruptive than the similar two stars In separation, 


the conditions permitting a 


permits internal 


to Investigate the other alternative. 


binary intercepted by the other 


tidal distortion is unlikely t 


; his “A” process is more relevant to this case. 
examples of it T CBr, Z And, and AX Per. Hoyie and LyrrLteton (1943) have also 


described how, when the less massive component is giant, 


l ? 


1 oxide spectrum 


or surface stability of the other star. It 


except [ol spiral expansion and lateral spread. 


in the one, with a helium spectrum 


this awaits a future theory 
) that one oO 
not difficult 


in the other, may happen to arise at the same unique evolutionary stage which also 
f binary evolution, so we 
the pall reduces the local 
the 
illowable effects of reflection o1 absorption of the radiation from one component 
negligible for stability, and that even 
» produce the outbursts of T CBr and Z And. 


necessary that a ci¥culating ring extruded by KurperR’s mechanism is itself unstable 


Even if one of the pair pulsates, the 


effect would be of density maxima in the spiral, soon smoothed by viscous drag. 
onsider, however, the intrusion of a local prominence into the circulating ring. 
Of Kvurper’s two models of ring and tail extrusion, which he considered in studying 


and ndeed he YAaAVe aS possible 


t supplies the material 


to the common orbital stream enveloping also the more massive. Suppose that, at 


greatest 


Nor Is it 
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suitable phase in the spin and orbit of each star relative to the pulsation maxima of 
the red component, a prominence instead of rising freely intrudes radially from the 
B-star into the stream circulating from the M-star around both: it will cause some 
arrestment of the circulation, which when deprived of tangential velocity becomes 
subject to accretion into the B-atmosphere for the same reason which allows capture 
of arrested interstellar nebulosity in the accretions of HOYLE and LytrLeton. The 
amount will depend on densities, interaction being small if prominence and stream 
were too rarefied for much viscous drag in their encounter. 

When the prominence arises within the zone covered by the stream, and at such 
phase of the rotation, revolution, and expanding portion of the pulsation cycle, that 
it is both prevented from escape and allowed to capture from the stream, then local 
changes in opacity will follow, and in the ionization of the captured material which 


initially was less than that of its new environment. This will affect both terms 
‘(d In T'/d In P)raa dine T/d InP jaan 


representing the consequences of abnormal gradients upon stability; but modifica 
tion of this criterion for already moving material will be a difficult task. A corres 
ponding effect at greater depths has been invoked by BIERMANN (1939) and others as 
cause of ordinary novae, but in our case the eruption after suppressed instability 
can be much slighter because less deep-seated in the star 

The event would be rare, as depending upon optima in so many variables: but 
these blue-red erupting stars are extremely rare. GERAStMOVIC (1934) and Miss 
UNDERHILL (1949) have shown how near to instability are B-star photospheres, so 
prominences can always be expected; but only optimum timing and orientation will 
provide the initial suppression in the captured stream and sufficient amplification 
at subsequent release to cause detectable irregularity of the star. Much calculation 
would be needed to separate the initial instability, the intermediate stage of inhibiting 
convective relief, and a final eruption of the stored energy with effects in temperature 
expansion, and fluorescence. 

The slighter eruptiveness of AX Per, Cl Cyg, R Aaqr, RW Hya would accordingly 
be less rare than the explosiveness of T CBr or Z And, and the quiescence of the 
undoubted blue-red pairs « Sco and o Ceti raise the query as to how small an orbit 
must be for a stream to develop, and how dense the stream must be for prominences 
to become amplified when they are suppressed in arresting the stream. 

This suggestion, of amplication of sporadic prominences by collision with a 
KUIPER stream, may offer one instance of how stars quiet when single might become 
eruptive as a pair: but even if at best it provides the binary hypothesis with one 
mechanism requiring prominences only ordinary before their amplification, it does 
not make that hypothesis exclusive. Although rings have mostly been associated with 
binaries, some single stars do possess them, and if a prominence were to intrude into 
an already existing ring from the same star it might undergo suppression and release 
in amplified form, and the whole account revert to a non-binary situation. Such 
possibility must await the growing knowledge of how binary and single-star rings 


evolve. 
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Observational Results on Variable Stars with 
Composite Spectra 


TCHENG Mao-Lin and M. Briocu 


Ol ’ n et Haute | 
| \ ( | ‘4: BE ( o x 8 ( g } 
) | | 4 52 \ br g , } 
- - Lv sy ha 1 
' 
‘HI problems ittered by The stars with composite spectra ire numerous, in particular 
those concerned with the variations and the origin of the emission lines, the energy 


ust. * bution in the continuous spectrum ind the behaviour of the itmosphere which 


In view of the interest presented by these stars we have devoted our efforts since 
1946 to observing some ol them is continuously iS possible it the Observatoire de 


namely, Z And, T CrB*, AG Peg, RY Scu, BF Cyg, AX Per, and 


ee 


\s a rule we used the one-prism spectrograph in conjunction with the 120-cm 
telescope. The flint prism of this instrument gave a dispersion of 41 A per mm at 
3800 A. of 88 A per mm at 4500 A, of 130 A per mm at 5000 \. and of 318 A per mm 
it Hx: on several occasions we have worked with the four-prism spectrograph at the 
(‘assegrain focus of the SO-cm telescope its uviol-glass prisms vielded 24 \ pel mm 


it 3700 A, 36 A per mm at 4000 A, 61 A per mm at 4500 A 


1. Z ANDROMEDAE 
Investigations due to PLASKETT (1928), Swincs and STRUVE (1940, 1943), and 
MERRILL (1948) show remarkable changes in the spectrum of this star. 

We obtained three plates, namely on 27th June, 1946, sth August, 1946, and on 
27th July, 1948 (TCHENG Mao-Lix, 1949a and 1949b). More than 200 emission 
features could be identified as belonging to the permitted transitions of Hr, Het. 
Her, Nil, and to the forbidden lines of O 11, Ne 11, SU, 
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Fe u, Fe vit, Kv, and perhaps Fe x. The faint lines at 5755 and 5577 A are doubt 
less due to{ N 1] and|O 1]. The presence of Ti 1, O 11, Si 11, and Si rv is also probable 

The spectrum of 1948, on a panchromatic plate, shows a continuous background 
which is strong in the red, and crossed by very strong TiO absorption bands. Only 
a small number of atomic absorptions has been observed, perhaps because of the low 
dispersion, the complexity of the molecular absorptions, and the strong emissions 
those which have been found are mainly due to Ca tm and Fe 1. 

The photometric study of the continuous spectrum (BLOCH and TCHENG, 1951) 
made a determination of the colour temperature possible. The value found, about 
5100 K, is near to the value of about 5200 K given by PLASKETT in 1926; moreover, 
it appears that at the time of our observations the spectrum had again become very 
similar to that observed by PLASKETT. 

The intensity ratio of the intensities of the nebular and auroral lines of |O (11 
leads to an electron temperature of about 7800 K. 

More recent plates obtained in October, 1952, are not yet completely studied, but 


they show little changes when compared with the 1948 plate 


2. T’ CoRONAE BOREALIS 


Numerous plates were taken between 12th February and September. 1946, from 
February to July, 1947, in Spring, 1948, June, 1950, September, 1951, and April, 1952 

The spectrum at the time of this stellar explosion has already been the subject of 
several publications (BLocH, Duray, FEHRENBACH, TCHENG, 1946a and 1946b 
MorGaAn and Deutscu, 1947; SANFORD, 1946; MCLAUGHLIN, 1946; HERBIG and 
NEUBAUER. 1946) and there is no need to describe it again. Here we shall only refer 
to the spectrophotometric measurements, 7.¢. those concerned with the comparison 
of the spectral variations with the light curve, and those relating to the continuous 
spectrum, 

Since 20th February, 1946, when the star had reached a magnitude of about 7:5 
the spectrum of the nova itself was transformed to a composite spectrum showing 
TiO absorptions and atomic lines, mainly due to Ca 1, Fe 1, Crt, while the forbidden 
emissions of Or, Ne tt, and Fe tt appeared in addition to the He tm and N 
high-excitation emissions already present 

The variations of the radiation energy of the main emissions can be classified in 
three groups 

(1) The emissions of H 1, He 1, N tt diminish gradually in intensity and are very 
faint at the time when the brightness of the star rises to its second maximum 
they become very strong when the star weakens again. 

(2) The lines of |O 111] and | Ne 111] undergo, just as the absorptions do, a variation 
which is essentially inverse to that of the total brightness. They increased in 
intensity from 20th February to the time of the first minimum, weakens afterwards 
and fade out altogether when the light curve climbed to its second maximum, only 
to reappear again during its second decline. 

(3) The doublet of the sodium D-lines, which was strong on our first plates, 
decreases rapidly in intensity to disappear around 14th March; it is replaced by an 
absorption which persists until 1952. 

To summarize, we can say that, after an interruption during the second rise 


(i.e. during an interval when only very few and weak lines were observable) the 


composite spectrum became in its main outline similar to that of the first minimum. 
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From September 1946 to 1952 the brightness of the star has not varied appreciably. 


The spectrum underwent some modifications: 


The lines of Fe 1 and | Fe |, which were numerous and important in 1946, were 
very faint in 1947 (BLocH. 1947) and their presence has been doubtful since 1948. 
] 


Several lines which were faint in 1947 were brighter in 1948-1952, namely, the 


line 5755 A of |N ur), the doublet 5802-5812 A of Civ. and an unidentified line at 
5838 A. Furthermore, the absorption bands of TiO and the atomic absorptions are 
strongly developed. 
The colour te m perature (in the region 3800-5000 A) shows a variation which is 
parallel to that of the light curve: it decreases from 5600 to 4600 KK between 
l2th and I6th February, remains constant at about 4200 K during the first minimum, 
und rises again to nearly 6700 K at the secondary maximum. This increase of tem | 
perature follows the essential features of the increase in brightness but with a time-lag 
ot about 20 days. 
It is worth noting that at this second maximum the colour temperature is higher 
than in February, and that the inverse was true for the total brightness of the star. 
This could be explained by the fact that during February the emissions are more 
numerous and stronger than in July. This phenomenon seems analogous to that 
observed in the Be stars which have a continuous spectrum rather different from 
that of ordinary B stars. their absolute oradients being highet and the tempera 
tures smaller) in proportion as the emissions are strengthened (BARBIER, 1952 
The colow temperature between 1947 and 1952 are nearly the same as at the first V 
minimum, namely about 4100 K 1 
The details ot oul spectrophotometric measurements will be publishe d elsewhere 


in the near future 


3. AG PEGASI 


Since 1915 the spectrum has shown a slow and continuous evolution. Our observa 
tions made in 1946. 1948, and 1951 have indicated that this development has 
accelerated in recent years (TCHENG, 1950: MERRILL, 1951: BLocH and TCHENG 
1952a and 1952b 

The most remarkable facts are the variations in the emissions. In 1946 and 1948 
the most important of these were due to atoms in the lower states of excitation, such 
as Fei. Nut. etc. These have weakened or have disappeared while the lines of 
higher excitation potential, He tt. Nu. Si ry. «mW N Iv 77 e\ were strongly 
developed in 1951. In 1948. the highest excitation. 47 eV. was represented by 
Nau, of which only the lines 4641, 4634. and 4097 A have been observed, all 
faint and very probably strengthened by fluorescence. There was no trace in 
1948 of the lines of |O 1m! and |Ne.t! which were rather strong when observed 
in 1951. 

In 1951. the intensity ratio of the lines 4363 and 5007 A of |O 111) gave an electron 
temperature of about 7000 K. 

The colour temperature, for 7 5000 A, was 6400 K in 1946 and 1948, and 
7700-K in 1951. Several plates taken in 1948 with the four-prism uviol-glass spectro 
graph show a negative Balmer discontinuity of )) ~ 0-11. Two of our best 
plates of October, 1952. give D) ~ 0-14. 

The TiO absorption bands, which were announced by MERRILL in 1942, are very 


strong in our spectra. 


‘OL. 
956 


This star was observed by us in July, 1948 (TCHENG and BiocH,. 1952), and afte) 


wards in May, 1952, but it was then very low above the horizon and our plates 
which are under-exposed in the blue, can only confirm the results of 1948 

The colour temperature was about 4900 K for / 5000 A. The colour excess is 
very large. (64, 

All the still unidentified interstellar absorptions which have been observed in 
numerous stars with galactic reddening are present (4430, 5781, 5797, 6203, and 
6284 A), and their relative intensities are similar to those found by MERRILL for othe 
stars. These data which characterize on the one hand the intensity of the 4430 A 
band with respect to the continuous background and on the other hand the colowm 
excess, are in good agreement with the statistical results of DUKE (1951 und they 
place RY Scuti amongst the most reddened stars 

Furthermore, a number of atomic lines can be observed, as well as several elements 
which are at the same time in emission and in absorption \s far as aydrogen 
concerned, we find Hz and H#/ as bright emissions, while Hy shows only a nart 
emission, bordered at its violet edge by an absorption. For Het the emission 
5876 A is strong, 4472 A is perhaps very faintly present, but 4713 A is in absorption 
The 5696 A line of Ct is brilliant itthough 4647 A of the same atom is dark 


this phenomenon has previously been observed in the case of 9 Sge (SWINGS and 


STRUVE, 1940, 1943). In the same Way N ut shows 4641 A in emissior ind 4379 
and 4515 A in absorption. Other bright lines are due to He tf and, perhaps to Fe |} 
and Mg it: furthermore, there are forbidden transitions of O 11 (4363 and 5007 A 
Nu. and Or. The multiplet 'D-?F of | Fe tir] can be seen complete und with rathei 
high intensity. Another emission at 5270 A can probably be attributed to the 
multiplet ‘DP of [Fe m1 

In addition, there are some absorptions which can be identified with N tm and 


probably () lI 
Finally, we have found some faint absorptions which bppeal to correspond well 
with the blue-green system of TiO, in particular 6214, 6159, 5448, 5241, 5167 


1955 A. This last-mentioned band would explain the absence of 4959 A of |O 111 


5. BF CyYyenl 
Except for some differences in the relative intensities of the emissions, our spectro 
crams of 30th and 3Ilst October, 1952. resemble those studied by MERRILL (1943 
The emissions are numerous and many of them are strong. The elements to which 
they belong are listed below in the order of decreasing intensities. 

H1 from Hz to H 9: the three |O 111! lines and those of Het and Fe I are very 
bright: C 1 shows strongly the line 4649 A, but 5696 A is absent; N U1 is repre 
sented by the three lines 4641, 4634, and 4097 A, strengthened by fluorescence 
the multiplet °>D-°F of | Fe 11] is complete: we also find the most important lines of 
(Fe m|; 4686 A of He 1 is rather faint; finally, less important lines are due to C 1, 
to the doublet of |S 1m], to Me um, Sim, Cru, and Ti 11. 

The absorption bands of TiO are little developed and are only visible in the long 
wavelength region, where the heads of the most important of these bands can be 
identified (Fig. 1). 

The continuous background shows a gradient of d ~ 3-40 between 4000 and 4600 A. 


corresponding to a colour temperature 7’, ~ 4200 K. 


‘he electron temperature which follows from the |O 1) lines 
is about 6500 K. 


6. AX PERSE! 


The plates which we obtained on 6th and Sth October, 1952. show a spectrum very 


similar to that studied by MERRILL (1933 
(1941) in January. 1941 


Dm 


in 1931-32 and by Swines and STRUVE 


a large number of emission lines can be 


Those of H1 from Hz to H 8./O mi), He 1, | Ne 1m 


» seen Fig. ois 


He 1. Ci, and C tv, are very 


strong: we also find numerous rather strong lines of Fe 1. | Fe im!, and 4267 A of 
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C11: |Fe v| contributes the line at 3840 A, while 4071 and 4179 A are blended with 
Cri, {S a], and Fe 11; some faint lines could be due to | Fe vir], namely 6096, 5721 


5276, 5158, and 4942 A; a line at 6374 A has been attributed in previous studies to 
Fe x], but it may equally well be 6371 


3 { of Sit. of which we also observe the lines 
at 6347, 5056, 4128, and 4130 A; finally, there are the faint lines 5577 A of [O 


5755 A of [N 1m], 4088 and 4115 A of Sitv, and 4069-4076 A of [Su 


All these lines are displaced towards the violet. Our measurements, based on the 
most important lines of H 1, He 1, He 11, {Ne tj, |O 1 


of Fe 11 give a radial velocity 
of 120 km per sec., which is comparable with that found by MERRILL (1944) for 
the period 1932-43. 
ise 
956 ~~. 
2 
Fig. 2. The spectrum of AX Persei (1952 October 8) 


QO tt! and He II are ver stror 


g: TiO bands rather noticeable 


l41s Observational results on variable stars with composite spectra 


The TiO absorption bands are stronger than in the spectrum of BF Cygmi: all 
the heads of the important bands of the blue-green system are well marked. 

The gradient of the continuous background between 4000 and 4600 A is dé ~ 3-30. 
and the colour temperature about 4300°K. 

The relative intensities of the |O 1m] lines lead to an electron temperature of 
ibout 8200°K which is much higher than that found for BF Cygni. It should be 
noted, however, that the TiO absorptions are also much stronger; the two nebular 
lines at 4959 and 5007 A are close to the heads of the bands 4955 and 5003 A, and 


are without doubt weakened by this absorption, with the result that the ratio of the 


TiO. Hgs5 


T. O-3164 


Fig. 3. The spectrum of CI ( ygni (1952 October 12 
He 11 strong, TiO very conspicuous; [O 111] 4363 of moderate intensity 
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nebular lines to the auroral line will come out too small and will thus lead to a 


much higher electron temperature. 


7. Cl Cyan 


This star has been studied in 1931 at the Mount Wilson Observatory. The observa 
tions by SwINGs and STRUVE (1940, 1942, 1943) show little changes in its spectrum 
those of MerRILL (1944), from 1940-43, indicated some variations in the intensities. 

Our spectra from 8th and 12th October, 1952, reveal the star to be redder than those 
discussed above, and show in particular a well-developed TiO absorption; all heads 
of the blue-green and orange systems can be recognized: the metallic absorption 
lines appear in large number (Fig. 3). 

The identification of the emission spectrum becomes difficult since many of the 
lines are more or less masked, either by the molecular bands or by the atomic lines. 
We cannot find, for instance, the two nebular lines 4959 and 5007 A of {O tt}. while 
1363 A is rather strong. Nevertheless, it is possible to identify the following elements 

H1 from Hz to He: Heit: 4686 A (nearly as bright as Hf), 4200, 4542, 5412 A 
Nu: 4641, 4634, 4097 A; Het: |Nu 5755 A; Fen; [Fen]; Cu; Cm 
(‘iv. Of |Fe vit] the lines 6086, 5721, and 4942 A are rather strong, while 5158 A 
coincides with the position where the TiO absorption bands 5167 A cuts into the 
spectrum; and 5276 A is weakened by the band 5241 A. 

Finally, there is a line at 5838 A, which is wide and diffuse, and has already been 
observed in several stars. particularly in ‘TI’ Coronae Borealis: Wyse (1942) also 
announced the presence of a faint line at 5839 A which he could not identify in 
NGC 7027. 

The continuous background gives between 4000 and 4600 A a gradient of 


d@d ~ 3:8. and 7'. to about 3700°K. 


Ss. CONCLUSIONS 


The spectra of all the stars discussed in this paper show the same general charac 
teristics: emission lines of high excitation are superimposed on the spectrum of a 
cold star, exhibiting TiO absorptions and metallic lines of low excitation. This 
absorption spectrum is of different intensity from star to star, and so is the brilliance 
of the emissions, but the elements from which all these lines originate are practically 
the same. 

The colour temperature ranges between 3700 and 7000 K and cannot justify the 
existence of lines with such high excitations as those due to He u, N mt, N tv, C1 
or to the forbidden transitions of O 111, Ne 11, from Fe 11 to Fe vi, and perhaps eve 
Fe x, the ionization potential of which 261 eV. 

It has been assumed that such objects are double stars consisting of a red com 
ponent and a very hot star, and surrounded by a nebular shell. 

STRUVE (1951) has emphasized that although this hypothesis cannot explain all 
the observed phenomena shown by the emission spectra and their variations, there 
are nevertheless indications that the combination of a red giant and a very hot 
companion could sometimes produce a binary system of very peculiar characteristics. 

Since 1946 MENZEL has abandoned this view and maintains instead that we here 
have to deal with single red giants consisting of a very hot, small, condensed core. 
surrounded by a very extended atmosphere consisting of multiple layers or of 


partial envelopes around the poles or the equator (MENZEL, 1946). 


\lore 


supergl 


] 


Qn t! 


vational results on variable 


recently, 


to MENZEL’s view that these stars with composite spectra are red giants or red 


ints 


ie other hand. JOHNSON (1951, 1952) 


ts It 


AMBARTSUMIAN (1952) and SoBoLEV have subscribed completely 


stars with composite spectra 


has stated in detail the objections which 


underlie each of these two hypotheses, that of the binary systems and that of the 
ean be hoped that new observational data will decide between the 


possibilities ina will bring about the solution ot the problem. 
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| INTRODUCTION 


IN the Henry Drape) Catalogue Miss CANNON noted that. in the spectra tf about 110 
of the 6300 AO stars. certain absorption lines appeal with abnormal strength In 
most of these peculiar A stars, the abnormally strong lines were identified wit] 
Sit or with Sr, and in many of the stars Ca 1 K was noted as weak for the typ 
Subsequent work (WALTHER, 1949) has indicated that similar peculiarities occur it 
the spectra ot roughly 13 per cent of all stars in the range of types BS to FO 

In the Hertzsprung-Russell diagram, these peculiar A stars appear to define a 
coarse sequence that lies about a magnitude above the main sequence MORGAN 
DeutscH, 1947). The hottest objects in the group are prone to show enhancement 
» show, in turn 


of the Mniur lines; as the excitation diminishes, the stars tend t 
abnormally strong lines of Siu, Kui, Cru, and Sr it. The colours of the peculia 
A stars are invariably too blue for their Draper types (DEUTSCH, 1947 the average 
AOp star, for example, seems to have the luminosity and colour of a BSV star. In 
their distribution over the sky and in their motions, the peculiar A stars are not 
distinguished from the normal A stars of BAADE’s Population |. They are commonly 
found in open clusters, or in binary systems with normal stars or metallic-line stars 
If the spectroscopic abnormalities were naively interpreted, they would suggest 
abundance anomalies approaching a hundred-fold in some cases But since these 
peculiar objects associate SO intimately with the normal stars they closely resemble 
there is no reason to expect that their internal structure or composition can be 
essentially different. 

coughly LO per cent of the peculiar A stars show conspicuous variation in the 
strengths of certain absorption lines. Many of these stars also show evidence of 
general magnetic fields of the order of a few kilogauss in their atmospheres (BAE ‘0cK 
and COwLING, 1953). And, finally, some of these stars exhibit variation of brightness 
and colour, with amplitudes of the order of a few hundredths of a magnitude (PROVIN, 
1953a, b, c). These effects are not simply correlated with each other, and in general 
the phenomena are complex and not readily generalized to the group. In the 


ensuing sections, we shall survey very briefly the present state of knowledge. 


2. a2 CANUM VENATICORUM AND HD 125248 


Among the periodic spectrum variables, there are only two for which we now have 


fairly detailed observations of line strengths, radial velocities, magnetic fields, and 


142] 


magnitudes. These are x* num Venaticorum (STRUVE and SWINGS, 1943; BABCOCK 
ind Burp, 1952), with a period of 5-74 days, and HD 125248 (Bascock, 1951), with 
ig 9°30. In the spectra of both these stars, the absorption lines have been divided 


into three groups: two groups (A and B) that change intensity roughly in antiphase, 


I 


ind a third group (C) that change little or none. Group A is typified by the lines of 


ui: group B by Crit: and group C by Sit and H. Relative to the respective 
mean velocity axes, the variable lines indicate velocities of approach before maximum 
streneth, and of recession after maximum strength. The velocity range of Eu Ir is 
in HD 125248. Both stars 


ibout 30 km per sec. in x? CVn and about 5 km per sec 


show general magnetic fields that vary synchronously with the line strengths and 


elocities. In x? CVn, the range is from 5 kilogauss near Crit maximum to 
t kilogauss near Eu 11 maximum in HD 125248. the range is from 7 kilogauss 
near Eu lr maximum to 6 kilogauss near Crit maximum. Both stars also show 
synchronous variation of light (PROVIN, 1953a, b. ¢), with maximum luminosity near 
iximum negative magnetic field. In z? CVn the range at Aerp ~ 4400 is 0-030 magni 
ides, the star being slightly bluer (0-020 magnitudes) at maximum light than at 
minimum. In HD 125248. the range is 0-053 magnitudes: the colour change is 
known 
he preceding paragraph Is a greatly compressed aescription of the principal 
ett s observed in these two stal's It is Important to ¢ mph size that none of the 


triable features show a simple harmonic behaviour with time, and that when 


‘bserved in detail the phenomena are all highly complex. For the details, the 
readel wal 0 consi the original papers by BaBcock ind Burp (1952 

SABCOCK (195] und by STRUVE and SWINGS (1943 \ point of particular ImMpol 

nee is that different elements, at a certain phase, will often indicate significantly 
different results for the radial velocity ind the magnetic field \t one of these phases, 
therefore, lines of different elements must be preferentially excited in geometrically 
distinct regions of the atmosphere. These preferential effects cannot be understood 
n terms of ionization differences alone (STRUVE, 1942). Vertical stratification due 
» the temperature gradient is therefore insuthcient to account fot the observed 
effects. The lines of some elements are preferentially excited over certain distinct 
ireas of the observed hemisphere. 


At the present time we do not understand either the geometry of these areas or their 


physical significance \s an important point bearing on the geometry, we should 


note that heretofore only relatively imprecise results have been obtained for the 
variations in line strengths. These results, based almost wholly on eye estimates, 
indicate that most or all of the rare earths belong to group \ that is. their lines 
vary roughly in phase with those of Eur. But the amplitudes of variation differ 
greatly, and the actual phase relations are not well determined. Similarly, there is no 
doubt that in both stars the lines of Criand Cru Lr'\ closely in phase with eacl 


other, and with large amplitudes. But the assignment of othe! lines to group B is 
decidedly uncertain as yet. The uncertainty is especially great with respect to the 
behaviour of lines that do not change much, if at all; discrepant assignments have 
been made by various observers of z* CVn, for example, for the lines of Fe 11 (NTRUVE 
and SwinGcs. 1943 Perhaps we should not be surprised to find, as quantitative 
spectrophotometry supplants the existing eye-estimates that in fact all lines are 


I 


more oO! less variable. with phase relations much more complex than is contemplated 


our current classification of all variable lines into two groups varying reciprocally. 


ARMIN J. Dt { 1423 


Recent observations of othe spectrum variables already indicate the occurrence 
of such complexities. In «Cas for example, the lines of Sr 11 reach maximum strength 


O°2 before those of Ca 11 (BAHNER, 1950). In 7 Ser, a group of lines, probably due to 


Lat, reach maximum strength at d P25, midway between the phases of Sr 


maximum (d OPO) and Catt maximum (4 OP5) (DeutTscH, 1952a). And in 
56 Ari, the lines of Het and Catt exhibit two maxima while those of Sim and 
A4201 (unidentified) exhibit one (DeEuTSCH, 1953) 


3. THE PECULIAR A-STARS OF KNOWN PERIOD 
Three distinct kinds of observations have now led to the discovery of periodic effects 
in peculiar A stars: estimates of line-strength; measures of Zeeman effect; and 


photo-electric photometry. Table 1 lists all the stars for which periods are known 


124224 
19832 
140160 
P5089 
34452 


224801 


112185 
112413 
153882 
LOS945 
125248 
LO6502 


PSS0O41 


the table also indicates the present state of knowledge with respect to each of the 
three kinds of observation named above. Before going on to consider these periodic 
objects in more detail, it is important to note the following points 

(a) There are certainly many well-observed peculiar A-stars in which no spectrum 
variation now occurs—at least. none of the order of magnitude observed in a? CVn 
and HD 125248. Some of these stars are magnetic variables: examples are HD 
153882 and » Eql. Moreover, no criterion is known for concluding, from a single 
spectrogram of a peculiar A star, whether or not it will prove to be a spectrum 
variable. 

(b) There are some spectrum variables for which existing observations are insuth 
cient to establish periodicity. A similar state of affairs prevails with respect to the 
magnetic variables. In both cases, there is evidence that some objects may vary 
irregularly, 

(c) There are some peculiar A stars, including some spectrum variables, in which 
the Zeeman effect has not been observed. In most of these stars, however, the lines 
are too wide for the ready detection of the Zeeman effect. No case has been noted 
of a sharp-lined peculiar A star failing to show evidence of a large general magnetic 
field. 


Phe 


There are some magnetic variables that do not belong to the class of peculiar 
\ stars at ell (BABCOCK and COWLING, 1953). 

In consideration of these points it seems a reasonable working hypothesis that the 
magnetic field is the essential physical parameter that makes an A star peculiar. We 
sha id this hypothesis, and we shall also consider the following auxiliary 
hypothesis that whether or not a magnetic star appears as a spectrum variable 
lepends essentially only on the geometry of the case: and, in particular, on the 
aspect under which the star is viewed. 

Table 1, then, is believed to list all the peculiat A stars whose periods are known. 


her stars that might have been added are 7” Eri (SAHADE, 1950) and HD 98088 


ABT, 1953 Both are spectrum variables that appear to be bona fide spectroscopic 


Two ot 


binaries of known period. The orbital periods are both near 6 days—short enough 
that one could reasonably expect synchronism of the rotational periods. But in 
neither case has the period of spectrum variation been established yet. The data that 
ire given in Table | are compiled, of course. The m whnetblic results are from BABCOCK 
and COWLING (1953). The photometric data are by PROVIN (1953a,. b, © an asterisk 
ist column indicates that the light is variable, but with small and unknown 
References to the earlie spectroscopic and photometric literature will 

ound in the papers of PROVIN and BapBcock. 
\\ nen we arrange the stars in order of increasing pe riod, as in Table 1, we see at 
magnetic fields have generally been found only in those of longer period, 
rom the circumstance that these stars exhibit a close relation between 
Roughly, the line-widths are inversely proportional to the 


tra of stars with periods less than about five days, the lines are 


too wide for the ready detection of the Zeeman effect (Fig. | The period line width 


relation is most easily understood if we suppose that these stars rotate with the 


observed periods, the line-broadening then being the familiar differential Doppler 
- observed hemisphere. For selected non-variable lines in the spectra 

se stars. DeutscH (1954a) has shown that the contours are in good 

ve agreement with those predicted on the following assumptions: (a) that 

‘ach star is 1-9 solar radii—normal for an AO dwarf: ()) that the period 

of rotation is the observed period: and (c) that the line of sight lies in the equatorial 


plane Qt course. this result does not vet prove that the observed periods are those 


of rotation, for some other mode of motion—e.g pulsation might also lead to a 
period-line-width relation. But it is highly suggestive that the line contours are 
predictable on the assumptions listed above, with the introduction of no disposable 
parameters. 

Among the five stars ol Table | that DE rSCH has not considered in his study of 
line profiles, none are known to have line-widths that obviously violate the period 
line-width relation. excepting 21 Com. If the relation holds for this star. its period 
must be about 1°5. PROvVIN’sS spectroscopic determination of the period (PROVIN, 
1953c) is stated not to rule out the periods near one day that can be derived from 

Moreover. there are some Mount Wilson spectrograms of this star that exhibit 
relatively large changes within one night. The apparently exceptional behaviour of 
21 Com must therefore be still regarded with reservation. 

The period line-width relation strongly suggests that the observed variations are 

caused mainly by the rotation of spectroscopically “patchy” stars viewed near the 


equatorial plane. For a star of twice the solar radius, the equatorial velocity of 
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rotation, in kilometres per second, is related to the period of rotation, in days, simply 
as |’ 100 P. Ifthe “patch” over which the europium lines are excited in 2? CVn 
could be observed up to the very limb, 


i 
ranging from 


t should then yield differential velocities 
IS km per sec, before maximum strength of the europium lines, to 
IS km per sec. afterwards 


The observed velocities are in fair agreement with these 
values. In HD 125248, the observed differential velocities are appreciably smaller 


than the predicted values, and the velocity-curves do not have the expected shape, 


Mgll 448! 


HO 124224 


Fig. 1. The period-line-width relation ctrum variables. 
\-star with variable magnetic field: 


Equulet is i 
appears not to be 
spectrum variable ispersion, 4:5 A per mm 


Its period 1s 


unknown, and it 
Original d 


but the phase relations and orders of magnitude are not badly off the predictions for 
the model. And in HD 124224 (DeutrscH, 1952b) and 56 Ari (DEUTSCH, 1953), 
where the differential velocities are much larger, recent measurements indicate good 
general agreement with the predictions for the model. In HD 124224, for example, 
during the half-cycle centred on maximum strength of the unidentified lines belonging 
to the £4201 group, these lines indicate differential velocities ranging from 10 km 
per sec. before maximum strength to 40 km per sec. afterwards (Fig. 2; Fig. 3). 
\ recent theoretical discussion (DEUTSCH, 1954b) of magnetic stars seems to indi 

cate that the electromagnetic field equations may be as easily satisfied in a rigidly 

rotating star as in a non-rotating one, whatever be the geometry of its magnetic 
field. In particular, there appears to be no compelling reason for requiring that the 
magnetic field be symmetrical about the axis of rotation. 


Moreover. the t heory 
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indicates that at sufficiently low densities the field external to the star will have the 
property that the electric vector has a component along the magnetic vector, and 
therefore will be capable of accelerating circumstellar ions to cosmic-ray energies. 
It has been proposed that one may eventually explain the patchy abundance 
anomalies in terms of nuclear reactions resulting from a steady shower of sucl 
energetic ions into the stellar atmosphere. Extensive theoretical studies have also 
been made of magneto-hydrodynamic oscillations in these stars, with a view to 
interpreting the observed effects in such terms (SCHWARZSCHILD, 1949; BABCOCK 
and COWLING, 1953). 

In conclusion, it appears fairly obvious that the problem which stands in most 
urgent need of attention is line spectrophotometry of the spectrum variables. With 
such results in hand, together with accurate radial velocities and measurements of 
Zeeman effect in favourable cases, perhaps there is good reason to hope that we shall 
be able to produce fairly detailed maps of the magnetic fields and associated abun 
dance anomalies that characterize the peculiar A stars. With the help of theoretical 
analysis, we may then finally converge on an unambiguous understanding of the 


physics of stellar magnetic fields. 
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The Carbon Stars 


An Astrophysical Enigma 


WittraAM P. BIDELMAN 


Observatory. University of California 
S 
This paper discusses ir present knowledge of the objects which define the “‘carbon star problem’ 
It is shown that these stars do not mprise a homogeneous group: tl haracteristics of three different 
tvpes of “non-typica arbon stars are summarized. Following a general discussion of the problem of 
t Ss typica ivbon stars, a number of special problems are considered, several of 
ct hy S 1 able elds for rther researc} 


1. INTRODUCTION 


FroM the time of Seccur the existence of the carbon stars—those whose spectra 
exhibit abnormally strong bands of C, and of other molecules containing carbon but 
no bands of molecules containing oxygen—has posed a vexing astrophysical problem. 
This article summarizes our current knowledge of these objects 

Many of the brighter and redder carbon stars in the northern sky were discovered 
DY observers who studied visually the spectra of the red stars. The discovery ot 
many others notably the less red objects. followed from the extensive photographic 
objective-prism studies carried out at Harvard by Mrs. FLEMING (1912). More 
recently numerous additional carbon stars have been found at the Mount Wilson 
Observatory (MERRILL, SANFORD, and BURWELL, 1933 and 1942), at the Dearborn 
Observatory (LEE, ef al., 1941, 1945, and 1947), and at the Warner and Swasey 
Observatory (Nassau and BLAanco, 1954). 

The first detailed descriptions of the spectra of the carbon stars were given by 
DUuNER (1884 and 1899) from his visual observations; these were followed by the 
photographic work of HALE, ELLERMAN, and PARKHURST (1903) at Yerkes, Rurus 
1915) at Michigan, and SHANE (1920) at Lick. The papers of HALE, ELLERMAN, 
and PARKHURST and of RuFrus contain reproductions of the spectra of many of the 
carbon stars that have only been surpassed in quality by the recent high dispersion 
spectrograms published by SANFORD (1950a). The early work demonstrated clearly 
the considerable similarity of the atomic absorption spectra of the carbon stars to 
those of normal late-type giant stars, despite the great differences in the molecular 
bands observed in the two cases. 

It is now known that the carbon stars are not a homogeneous group, but in fact 
belong to several distinct species. The largest number comprise what we shall term 
the “typical” carbon stars. which will be discussed in Section o. The following 


section discusses briefly three different kinds of “‘non-typical” carbon stars. 


2. ‘“‘NON-TYPICAL’ CARBON STARS 
(a) Carbon Stars Apparently Deficient in Hydrogen 
A number of stars are known whose spectra show bands of C, that are stronger than 
those of normal stars but that do not show strong bands of CH as do the “typical” 
carbon stars: the hydrogen lines are also abnormally weak in their spectra (BIDEL 
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MAN, 1953). The twenty known stars of this type are listed in Table |. All except 
four are variable stars of the KR Coronae Borealis type, the cause of whose unique 
light variation is unknown. The hotter members of this group show strong high 
excitation lines of neutral carbon, found originally by BERMAN (1935) in the spectrum 
of R Coronae Borealis, while the cooler members show strong CN bands in addition 
to those of C,. In the spectra of the stars in which the bands are strong, there is 
little or no evidence of C3 (McK ELLAR, 1949a and 1949b; SANFORD, 1940). HeRBIG’s 
data (1949) on the spectral variations of R Coronae Borealis show that the C, bands 


do not increase in strength with decreasing light 


Nan \ 


VZ Sgr* 11-8 / 30 i 
HD 173409 LOo-d 32 14 
RY Sgr 60-140 32 > 1 
HD 175893 9-3 34 6 
GU Ser* 11-0 3365 7 
V348 Sgr* I 1-0) ot , 


HD 182040 i a0) 13 


The galactic distribution of these stars is similar to that of the novae and planetary 
nebulae in showing both a strong galactic concentration and also a concentration 
towards the direction of the galactic centre. This distribution indicates a high 
luminosity for these stars, which is also suggested by the probable attribution of a 
star of this type, W Mensae, to the Large Magellanic Cloud (LUYTEN, 1927) with a 
corresponding photographic absolute magnitude at maximum of the order of 5 
Unfortunately, the spectrum of this object is not known. 

The spectra of these apparently hydrogen-deficient stars bear a considerable 
similarity to that displayed by Nova Herculis during the interval 23rd December to 
26th December, 1934, as shown in STRATTON and MANNING'S Aflas (1939), and it is 
probable that the physical state of the atmospheres of these stars is similar to that of 
a nova of very low expansion velocity near maximum light (BIDELMAN, 1954b). 
The radial velocity variations of R Coronae Borealis studied by HERBIG (1953) are 
not incompatible with this suggestion. It is conceivable that in these objects we 
observe the ancestors of the planetary nebulae. In any case it appears that, pending 
a more detailed study of these stars, the abnormal abundances indicated by their 


spectra should be viewed with considerable scepticism. 


C'H Stars 


The spectra of these objects show extremely strong absorption features due to Ci. 
and considerably weaker lines of neutral metals than do the “typical” carbon stars 


KEENAN, 1942). The eleven stars of this type now known are listed in Table 2. 


Table 2. CH stars 


N y ‘ ( ( 

HD 26 8.2 74 33 zis 0-258 
HD 5223 SS Mm 3S As Pe 0-143 4 
VA . 2» 15 =| 0-041 1-8 
HD 76306 Xe 134 }] 7 O-]1S 70 
Lee 107 1-3 230 71 7 
wT Ci \ f 74 79 135 O-O19 60 
HD 145777 10-7 pad 24 
HD 1872 1¢ yt s 27 129 ri 
HD 2016264 8-0 12 I: 2 0-040 Hig! 
HD 209621 Ss 7 28 . 0-053 5-4) 
HD 224959 ey ( 03 pe O-Ov¢ 

R v y 

1D) ) ) O N 


‘hese stars have high space velocities and are undoubtedly population | objects. 
Several of the CH stars show rather weak CN bands. which is also a population I] 
spectral characteristic. Witpt (1941) has found that the NH bands in one of these 
HI) 76396, on the other hand. are not weak. The luminosity of the CH stars is 
ipproximately that of normal giants. as inferred from the strength of the interstellar 
sodium lines (SANFORD. 1944 

Recently GREENSTEIN (1954) has reported that VraBec has shown that in the CH 
star with the weakest C, bands. HD 26, the strongest lines include those of the 
lonized rare-earth elements. The CH stars probably are hotter than most of the 
typical ¢ irbon stars. An extremely important characteristic of these objects is the 
fact that the carbon isotope ratio, as determined by McKELLAR (1949a) and as 
indicated in Table 2. varies among the stars of the group. A study of the abundances 
of the elements in CH stars showing different values of the ratio of Cl? to ( should 


ead To interesting results 


c) Ba i Stars 


These objects show only i trace of the (0. 0) C, band head at 75165. but this feature is 


still much stronger than in normal stars thev also show strongel bands of CH and 


) ie) 
HR 774 9 I ry . 0-070 
HR 2302 ()-4 ISS s O-O0O9 
HR 5058 2 27% 2» 6s 0-193 
HD 121447 s 29? } | O-O40 
HD 1787177 75 ? | ) O-OLDS 
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(N than do normal stars, as well as anomalously strong lines of Ba tr and Sr t 
(BIDELMAN and KEENAN, 1951). On high dispersion spectrograms the lines of Zr 11, 
La u, and the ionized rare earths are also enhanced (GARSTANG, 1952; GREENSTEIN, 
1954). The nine stars of this type known are listed in Table 3. These stars may 
possibly be related to the S type stars. 


> 


3. ‘TYPICAL’? CARBON STARS 

The reddest carbon stars, which have very little violet light, were assigned to tvpe N 
by the Harvard investigators, while the less red stars were classed as of type R. The 
distinction between the two types was solely that of a different extension of the 
spectrum into the violet region. Subdivisions of both classes were subsequently 


introduced at Harvard, and many of the carbon stars were later accurately classified 
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on the R-N system by SHANE (1928) at Lick, who utilized low-dispersion spectro 
orahis extending well into the violet region How well the types determined by 
SHANE correlate with the degree of faintness in the violet region of the spect im) IS 
shown in Fig. 1. Some of the N-type stars were found to be exceedingly faint in the 
ultraviolet and doubts were expressed by SHANE that this could be entirely due 
to a low temperature. He also suspected that the R-N system did not define a tem 
perature sequence because of the peculiar run of the intensity of the C, bands with 
type. Winpr (1936) suggested that class N is to be distinguished from class R 
principally on account of an absorption process going on in the atmospheres of the 
N stars which reduces the ultraviolet intensity very efficiently ’. 

Five years later KEENAN and Morcan (1941) proposed a new Classification of the 
carbon stars in which the R and N types were replaced by a single type C, subclasses 
of which were intended to define a temperature sequence. The criteria of classification 
purposely did not include the slope of the energy curve in the blue and violet region 
of the spectrum. In addition to the subclass, a subscript was added to each type 
indicating the strength of the (0, 1) C, band head at 45635. This number is almost 
certainly a function, though not a simple one, of the atmospheric carbon to oxygen 
ratio of the star. In carbon stars this ratio is near or perhaps greater than one, and 
in this case the oxygen is largely taken up in the very stable, but unobservable, 
molecule CO, while sufficient carbon remains to form the less stable carbon compounds. 


In normal stars this ratio is considerably less than one, and sufficient oxygen remains 


to form the various metallic oxides observed in the M-type stars. 
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\ comparison of the C-classification with the older R-N system is shown in Fig. 2 
which shows that the stars classified N3 and later define a group rather well separated 
from the stars classified Rl through N2. Also, if the Keenan-Morgan types do define 
a temperature sequence, the late N-type stars are not among the coolest carbon 
stars. Recent evidence indicates that the C-classification does approximate a tem- 
perature sequence substantially better than does the older classification. This is 
shown by the estimates of equivalent widths of atomic lines by SANFORD (1950a) 
and especially by the vibrational band temperatures determined by BovuIGUE 

1954) from the red system of CN. These temperatures are plotted against the 


N7} 4 
Nb} + +§ ° — 
N5} ———_—— a 
N4} — oo | 
N2} + + - —- * + 
NI Ff 2 o 
NOt he oe * 
t 
. 
} 
ROT 
RS} 4 
R4 a ; 
R e e | 
- | = 
Pig. - Ss ‘ SVs s iss it t i I} lata al 
s S N 125 ik AN M N (1941 pt for tl 
VX A by a p ! vhicl ssigned a 1D 
( Mc ky ‘ LS \ 1944 


Keenan-Morgan types in Fig. 3. Despite the rather large scatter in the earliest 
classes, it appears that the temperature-spectral type relation is reasonably satis 
factory. In particular, the classification of the stars at CS (RS Cygni) and at C9 
\WZ Cassiopeiae) among the coolest stars is confirmed, as is the assignment of the late 
N type stars to somewhat higher temperature classes. The temperatures derived by 
BovIGUE are in good agreement with those determined from the radiometric observa 
tions of Pertir and NICHOLSON (1928). For the three stars 19 Piscitum, U Hydrae, 
and X Cancri, BovrGvue’s vibrational temperatures are 2400°, 24507, and 2400 
respectively, while those found by PeTTir and NICHOLSON are 2360°, 2360°, and 
2260 respectively. This agreement serves both to confirm the experimental values 
of the red CN band transition probabilities used by BovurGurE and to emphasize the 
conclusion of PETTit and NICHOLSON that the carbon stars radiate more nearly as 
black-bodies than do the M type stars in the visual and infrared portions of the 
spectrum 

Fig. 4 shows the relation between the estimated strengths of the (0. 1) C, band 
head at £5635 and the carbon types, the data being taken from KEENAN and MORGAN 
1941). In general the stars previously classified as of late N-type have stronger 
bands at the same carbon class than do those classified as of early N type. A similar 
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result is found when the C, band intensities are plotted against BOUIGUE’s tempera 
tures. There is thus good evidence for appreciable variations of the carbon to oxygen 
ratio among the carbon stars. This is also strongly indicated by the recent discovery 
of other stars such as W Cassiopeiae (KEENAN, 1950; BIDELMAN, 1954a) in whose 
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circles stars previously classified as of types N3 to N8 


spectra the C, bands are considerably weaker than in previously recognized carbon 
stars, but whose C-type is about C4 or C5. Other, hotter, weak-banded stars are 
HD 95405, HD 113801, and 30° 2637, the latter discovered by VYSSOTSKY. 
It is possible that the 44150 stars described by Miss RoMAN (1952) may also be of 


somewhat higher carbon abundance than normal. 
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If we ignore the large dispersion in C-band intensity for a given type we see from 
Fig. 4 that the “average” band strength reaches a maximum at about class C5 or C6 
and then falls at lower temperatures. Inspection of the theoretical curves computed 
by RussELi (1934) shows that this behaviour is more consistent with nearly equal 
ibundances of carbon and oxygen than with a great excess of carbon. BOUIGUE 
1954) has also recently concluded that the excess of carbon must be less than 
previously assumed. 

In luminosity the “typical” carbon stars appear to be giants and supergiants: 
no carbon dwarfs are known. Unfortunately, the luminosity of a carbon star cannot 
vet be reliably inferred from the appearance of its spectrum. The velocity dispersion 
of the bluer stars is somewhat greater than that of the redder stars, and their 
luminosity is almost certainly somewhat lower (SANFORD, 1935 and 1944; McLeop, 
1947). Undoubtedly discussions of mean absolute magnitudes carried out previously 
should be redone using the Keenan-Morgan classifications to distinguish various 
groups. This will necessitate the extension of this classification to many more stars. 
Various types of variable stars are found among the carbon stars: many Mira-type 
stars, many semi-regular and irregular variables, one RV Tauri star, AC Herculis 
Rostno, 1951), and one Cepheid, RU Camelopardalis (SANFORD, 1928; M. W. 
Maya, 1941). The phenomena displayed by the carbon Mira-type stars seem similar 
to those of the M-type variables (SANFORD, 1950b; BrIDELMAN, 1952). There is no 
real evidence that the bolometric luminosities of the carbon variables differ systema- 
tically from those of M-type variables of similar period. While the redder carbon 
stars show a considerable galactic concentration, they are not intimately associated 
with O- and B-type stars, although at least two have A-ty pe companions. Hence the 
“typical” carbon stars are not very young stars, but should probably be considered 


as evolutionary stages in the development of massive stars. 


4. SPECIAL PROBLEMS 

a) Detailed Study of the Carbon Stars 

Despite the fact that the carbon stars present astrophysical problems of great 
interest, relatively little detailed information is available on their spectra. For 
example, no modern high-dispersion wavelength tables are available for the photo 
graphic region of the spectrum, though Fugita (1952) has published an extensive 
table of the visual and infrared spectrum of the Mira-type variable U Cygni at 
minimum light. Much new laboratory data on the spectra of CH and CN will be 
needed to interpret properly the spectra of the carbon stars. Recently BUSCOMBE 
(1953) has attacked the difficult problem of the measurement of equivalent widths 
of atomic lines in carbon star spectra, following the work of MCKELLAR and STILWELL 
(1944) on the intensities of the resonance lines of Lit and Nat. An extensive series 
of measurements of the intensities of the isotopic bands of C, have been made by 
McKELLar (1949a), which has led to the important conclusion that the abundance 
ratio of Cl! to C atoms in the bluer “typical” carbon stars is about 3: 1. Atoms of 
('3 are apparently present also in high abundance in all of the redder “typical” 
carbon stars (SHAJN and Hasg, 1954). Much work remains to be done to derive 
abundances of the metals, and, through the band spectra, of the lighter elements in 


the carbon stars.* 


* A list of Wavelengths of lines occurring in the spectra of several carbon stars in the region 29000 to ALLOOO has recently 
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(h) Ultraviolet Absorption and lUnide ntified Bands mn the Carbon Stars 


Recent work has resulted in the probable identification of bands of the C,; molecule 

the £4050 group—in the redder carbon stars (MCKELLAR, 1948; Swrnes, MCKELLAR, 
and Rao, 1953; CLustus and Douauas, 1954). Despite extensive laboratory work, 
the source of the strong ultraviolet absorption in such stars is not certainly known 
(Rosen and Swinas, 1953; Srruve, 1953); it must involve carbon, and may be due 
to C3 according to recent unpublished experimental work by J. G. PHtLLIPs and L. 
3REWER at the University of California, Berkeley. Also not identified are the 
newly-discovered bands in the ultraviolet discussed by Swinas, MCKELLAR, and 
vAO (1953) and the strong “Sanford”’ bands that have been studied by MCKELLAR 
(1947). The intensities of the latter bands are well correlated with the strength of 
the ultraviolet absorption as shown by SHANE (1928), but they may not be due to the 
same cause. It should be reiterated that the stars whose spectra show the strongest 
ultraviolet absorption are not the coolest carbon stars. Indeed RY Draconis, which 
has very strong “Sanford” bands and extremely pronounced ultraviolet absorption, 
has a temperature of 3200° according to BouIGUE (1954); a moderately high tempera 
ture (and a very high carbon abundance) is also indicated for this star by McK ELLAR’S 
measurement (1947) of high-excitation lines of neutral carbon in its spectrum. 
Quantitative measurements of the energy curves of the carbon stars are extremely 


desirable, as are also additional radiometric data.* 


(c) Lithium Stars 

The spectra of the “typical” carbon stars, WZ Cassiopeiae (MCKELLAR and STILWELL, 
1944), WX Cygni (SANFORD, 1950a), and T Arae (Feast, 1954), show extremely 
strong resonance lines of Lit. These lines seem too strong to be accounted for 
entirely by lack of ionization, although the first two stars, at least, are undoubtedly 
very cool objects. Lithium is perhaps overabundant in these stars and must be so if 


there is any appreciable mixing down to high temperature layers. 


(dl) Theories of the Carbon Stars 

If the “typical” carbon stars represent evolutionary stages in the development of 
massive stars, it is reasonable to suppose that the unusually high carbon to oxygen 
ratio evident in their atmospheres is due to the operation in a hydrogen-deficient 
central core of the C!*-producing reaction discussed by SALPETER (1952) and Hoye 
(1954), provided that the excessive carbon can escape to the outer parts of the star. 
The relatively large amount of C™ observed in the spectra of these stars might then 
be explained as a result of subsequent conversion of the C! through the operation 
of the carbon cycle in a somewhat lower temperature region outside the core, since 
the equilibrium ratio of the carbon isotopes in the carbon cycle is approximately that 
observed. A necessary consequence of such Cl? conversion is the production of a 
large amount of N', the expected N'™ to Cl’ ratio being of the order of 10. Deter- 
mination of this ratio in the carbon stars would provide a check on this hypothesis 
(GREENSTEIN, 1954). Also, since the lithium stars show C1, if the theory here out 

lined is correct, some lithium-producing reaction must also exist in those stars. 


The situation is further complicated by the fact that the neutron-producing reaction 


* The measurement of relative spectral gradients of several carbon stars in the blue and violet regions has been recently 
undertaken at Victoria by MCK ELLAR and RICHARDSON Their work appears in Dominion Astrophys. Obs. Contril No. 39 


proposed by CAMERON (1954) should occur in the postulated hydrogen-deficient 
stellar core somewhat before the Salpeter reaction (‘AMERON 'S. reaction May 
possibly account for many of the observed characteristics of the S-type stars. In 
view of the suggestion that the S-type stars may have an atmospheric carbon to 
oxygen ratio intermediate between that of normal stars and that of the carbon stars 
BIDELMAN, 1950 and 1954a; BovurlGue (1954), it appears that a fruitful approach to 
the questions raised by both kinds of peculiar late-type giant stars might be to con 
sider them together as defining a single problem of great complexity. 
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Celestial Emission-Line Objects of Early Type 


S. Beats and J. A. ROTTENBERG 
Dominion Observatory, Ottawa, Canada 
SUMMARY 


The emission-line objects of spectral type earlier than AS are considered from the point 
I I } 


origin of the emission, and the relationship of the stars to the Harvard sequence. The principal me 


capable of exciting emission are discussed in connection with the following five classes of bright | 


1) Gaseous Nebulae, (2) Novae, (3) Wolf-Ravet Stars, (4) P Cygni Stars, (5) Be Stars. The 1 
drawn that the formation of an extended envelope is necessary fi he production of em 

For most of the cases considered, noticeable mass motion is a feature of the envelope and this is conside 
to be a natural consequence of the activity of a stella irface of sufficiently high temperature 
temperatures derived from the equivalent widths of the emission lines are demonstrated to progress 
orderly manner from the A type stars to the planetary nebulae. Similarly, the effect of the en 
motion on the profiles of the lines is shown to depend on e character and magnitude of the 


rths in yueStIO! 


on the relative importance of scattering and re¢ ombinatior » waveleng 


|. PROBLEMS 


THE emission-line objects of early type form a group small in numbers but of con 
siderable astrophysical interest. Their discovery, mainly by visual methods (HUGGINs, 
1864, 1866; Seccur, 1865; Worr and Rayer, 1867; KEELER, 1894; CAMPBELL, 
1894), dates from the middle of last century but the more important studies of their 
spectra have been made since the application of photography to the study of stellar 
spectra in the early nineteen hundreds. Much of the information on their spectra has 
been summarized by MERRILL and BURWELL (1933, 1943). For the purpose of 
this article the emission-line objects will be divided into the following classes: 
(1) Gaseous Nebulae: (2) Novae; (3) Wolf-Rayet Stars; (4) P Cygni Stars; and 


(5) Be Stars. 


GaSseOUSs Nebulae 

The work of HUBBLE (1922) and ZANSTRA (1927, 1930) gave the first clear indication 
of the relation of emission nebulosity to the spectra of the exciting stars of planetary 
and diffuse nebulae. HuBBLE showed that such emission was always associated with 
hot stars, of type Bl or earlier, while ZANSTRA formulated the mathematical relation 
ship between the intensity of emission and the temperature of the exciting star. On 


(Celestial emissior 


\-line objects of 


arly type 


the assumption that the source of energy was the ultra-violet radiation beyond the 


ionizing limit of hydrogen and helium he equated the number of ionizations to 


the quanta of observed emission, deriving temperatures of 30,000° to 100,000° for the 


central stars of the planetary nebulae. 


Although other mechanisms of excitation, 


such as electron impact and BoWEN’s so-called fluorescence mechanism (1935), are 


known to play an important part for certain atoms such as O 1m and N In, it is 


probable that the process of ionization and recombination is mainly responsible for 


the appearance of emission not only in the nebulae but also in other early type stars. 


In modern interpretations of emission line stars the theories developed for the 


nebulae have been taken over with relatively little alteration. Beginning with novae 


the fact of the ejection of gases from the stellar and the formation of a gaseous shell 


round the star was established as long ago as 1904 by Hatm. HALM’s ideas have been 


confirmed by more recent observations, where the expansion of the gaseous shell has 


heen observed directly. 


In addition to the evidence for the existence of a gaseous 


shell, the progressive increase in the excitation of the emission lines in the shell as 


the central star increases in temperature has been well shown by PETRIE (1937) and 


McK ELLAR 


1937) as well as by other workers in this field. These observations left 


little doubt that the mechanism of excitation of the lines was essentially similar to 


that of the nebulae and that the energy of the tremendously intense emission bands 


LrOse is i 


central star. 


result of the ionization « 


t shell gases by 


the ultra-violet energy of the 


The appearance of the nebulium lines and the enhanced nitrogen lines 


it 24634-41 gave further confirmation of the general similarity of the processes of 


Ine excitat 


Wolf-Rayet 


Once the mechanism 


ion in the 


STIOAIrS 


nebulae and novae 


novae the application 


emission-line spectra 


ot the emission bands (of the order of 3000 km per sec 


( 


ft excitation of emission 


lines had 


hee 


n established for the 


of similar physical principles to the interpretation of other 
For the Wolf Rayet stars the widths 


llowed In) logical order. 


were comparable to those of 


the novae and it proved impossible to account for such widths on any other bases 


than the ejection of material from the stellar surface. The absorption borders on the 


violet edges of some of the bands provided further evidence of ejection. There was 


thus present an adequate mechanism for producing a gaseous envelope while the high 


temperature of the central star made available the necessary source of ultra-violet 


energy. 


The absence of the nebulium lines suggests, however, that the envelopes 


surrounding Wolf-Rayet stars are of greater density or of lesser extent than those 


ussociated with the novae 


P { Yani Stars 


The P Cygni-type stars have narrower lines than those of the Wolf-Rayet objects 


but otherwise the similarities with 


P Cygni itself, the type star of the group, but also the star 7 


the 


hnhovae 


are 


even 


rit 


/ 


re marked, Not only 


Carinae, are old novae. 


Moreover, the general character of P ( ‘vgni lines, of moderately broad emission with 


strong absorption borders on their violet edges is characteristic of the novae at 


certain stage of their development. No acceptable alternative has been put forward 


to replace the ejection hypothesis as an explanation of the very intense absorption 
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borders which appear on the violet edges of the emission bands and it has accordingly 
been assumed that the emission lines of P ( ygni stars have their origin in a shell of 
outward-moving atoms which is excited to luminosity by the light from a central star. 


Be Stars 


The Be stars, which include a few objects of classes O and A, are, for the most part, 
absorption-line stars in which a few emission lines make their appearance. The 
emission lines most commonly occurring are those of hydrogen, although wavelengths 
due to helium, nitrogen, oxygen, or ionized metals sometimes appear. There is no 
sharp distinction between Be and P Cygni stars and the P Cygni stars are included 
in MERRILL and BURWELL’S lists of Be spectra. For the purpose of the present 
discussion, however, the term Be is restricted to objects which do not show the 
P Cygni characteristic as a conspicuous feature. The most characteristic feature of a 
Be star as described by MERRILL is the appearance of emission lines of hydrogen 
superimposed on broad absorption. The emission lines are frequently cut by narrow 
central absorption and these double emission lines, the two components of which 
frequently show unequal or variable intensities, have come to be regarded as the 
most definitive aspect of Be spectra. 

By analogy with other emission-line objects already mentioned, it may reasonably 
be supposed that Be emission lines have their origin in an extensive envelope of 
gases surrounding the star. Evidence confirming this idea has been derived from 
eclipsing stars when the eclipse of a stellar disk has revealed the presence of an 
emitting envelope of considerably greater diameter than the central star (Joy, 1947 
The most probable origin of such an envelope is to be found in the ejection of atoms 
from the stellar surface, even though there is usually no direct evidence of the kind 
found in the spectra of the novae, Wolf-Rayet and P Cygni stars. In this connection 
it may be pointed out that even in a low-temperature star like the Sun there are 
many phenomena that point to a fairly large-scale ejection of atoms from its surface 
and that quite apart from any other evidence it might be expected that such ejection 
phenomena would be more important for stars of higher surface temperature. It is 
probable therefore that ejection of atoms is a feature of all early-type stars and that 
when this process assumes major proportions a star of sufficiently high temperature 


will show emission lines. 


2. THEORETICALLY CONSTRUCTED PROFILES 

In order that one might be able to put the ejection hypothesis to empirical or quant! 
tative test, one must derive the profiles which would be produced by a gaseous 
envelope of any given extent and motion, enclosing a black-body of the high tempera 
tures contemplated here, and compare these with the ones observed. For this purpose 
the contours reproduced in the next section have been computed from one common 
model. In this model the optical depth at line centre, the relative radii of star and 
envelope and the several velocities which may be present in the envelope are left 
as parameters. 

The principle guiding the calculation is that all the energy, entering the envelope 
from the star in the form of radiation, must ultimately leave it—either escaping into 
space or being reabsorbed by the black-body. Within the framework of this require- 
ment of radiative equilibrium, it is still possible for the radiation to be redistributed 


in frequency and thereby produce a profile of the emission-line type. This can come 
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about in either of two quite different ways. In one, the redistribution occurs within 
the neighbourhood of a particular spectral line and can be traced to the motion of the 
itoms with which the radiation interacts. In the other, energy from one line (or 
from a stretch of continuous spectrum) is transferred to lines further to the red. The 
latte! process, in which the envelope selectively “cools” the radiation passing 


through it, implies a cyclic change of the internal state of the atoms with which the 


radiation interacts. Both processes have been looked into, in the derivation of 


theoretical profiles for early-type stars, but we shall here largely confine ourselves to 
the redistribution of energy that can occur within a line and the types of profile 
thereby produced. 

When the redistribution is due to motion of the atoms in the envelope, the radiative 
process is analysed in the following way. The large-scale velocity of a portion of the 
envelope is resolved into components respectively perpendicular and parallel to the 
stellar surface. Typical of radial motion is an expanding atmosphere; of transverse 
motion, a rotating atmosphere. In addition to either directed component of velocity 
there is superimposed a non-uniform velocity field which arises from thermal 
velocity Un, turbulence Un, and velocity oradient uv, in the atmosphere or envelope. 
Regarded as truly random velocities, these compound to give a “mean random 


motion” or non-uniform velocity 


whose eftect is solely to broaden the absorption or scattermg Cross section. The 
directed or uniform velocity, on the other hand, is of importance for establishing the 
radiative equilibrium in the exchange of energy between one part of the envelope 
and another, or between the envelope and its enclosed star. | onsequently it is the 
principal cause of the redistribution in frequency imposed on the radiation field. 
The ratio v 7* of the directed to random velocity is found to play the critical role in 
determining the type ot emission profile that is produced In each class. The maeni- 
tude of this ratio. required to give the observed profiles, comes out in 200d agreement 
with the value inferred by other writers from considerations of mechanical stability. 


This is not the place to give a detailed account of the calculations (ROTTENBERG, 


1952) by means of which one determines the radiation density in every frequency of 


the line built up within the envelope. Suffice it to say that the assumed conservation 
of radiant energ\ permits one to set up an integral equation for the emissi\ itv asa 
function of frequency and that the equation can be solved. With a knowledge of the 
(average) energy density in the envelope in each frequency thus obtained, the flux 
of energy in the observer's line of sight from all visible parts of the system can be 
computed. This gives the contour of the spectral line produced by action of the 
envelope on the black-body continuum of the star. 

Which spectral lines occur in a star of known temperature, and with what intensity, 
must be determined from the state of ionization and the chemical abundances in the 
stellar atmosphere or envelope. Their effect is, in any event, reducible to a scale 
change. Apart from this, the internal state of the atmosphere and the run of physical 
variables within it is not of direct importance in deciding the shape of the emission- 
absorption line, when the motions of the gas producing it are large. But the extent 
of the envelope and the fact that it forms a shell whose curvature cannot be ignored 
are important. The method of deriving the profiles following, and the ones selected 
to be shown, has been chosen with this in mind. 
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3. THE COMPUTED PROFILES 


(iar) Pure Emission (Trans pare nt Knive lope ) 


The cases of this type which have importance in application are, of course, those in 


which the contour has been broadened by the envelope’s motions so as to form a band. 
If the velocity of expansion—or contraction—far exceeds the non-uniform velocities, 
the band will be flat-topped (Fig. 1). The slope of the sides gives the dispersion in 
velocities (BEALS, 1937). (Such profiles are not often observed.) Otherwise the bands 
have rounded tops. From the correlation of band-width and ionization potential it 


BAND 
CONTOUR 


INTENSITY 


Fig. I. The contour produced b pure emission, 
| 
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is Often possible to infer both stratification of the envelope and the presence of a 
velocity gradient. 

Calculations to show occultation effects at the red edge of the band have been 
carried out and suggest it should be observable (CHANDRASEKHAR, 1934). These 
calculations took account of possible positive or negative velocity gradients but not 
of turbulence or thermal motions and they would probably have to be extended in 
order to be applicable to estimations of relative sizes and star and envelope. 

Exactly the same profiles result when the motion of the envelope is that of a rota 
tion. On physical grounds, of course, rotational velocities cannot reach the magnitude 
of the large velocities of expansion observed in Wolf-Rayet stars and novae, and so 


the chances of actually observing a flat-topped band are much less. 


(2) A Ne mi-transpare nt Knve lope in which the Predominant Motion ts Radial 
A rather surprising result turns up here. When an envelope is the source of its own 
radiation (the case of pure emission as in the preceding paragraph) the bright-line 
profile remains single, no matter what the velocity distribution, provided it is radially 
or rotationally symmetric. Application of the theory shows, however, that in a pure 
scattering envelope (where the mechanism of ionization and recombination is not 
operative), the motion of expansion will result in a redistribution of energy in the line. 
This shows up as a combination of emission and absorption components and may 
result in a doubling of the line. The illustrated profiles show how this depends on the 
ratio P, of the expansion velocity to the random velocities (Fig. 2). Notice that it 


requires a relatively large random velocity, roughly a third of the velocity of expan 


if 


These profiles are often seen in P Cygni type spectra and imply that either the 
‘locity or the turbulence is considerable. More than likely it is turbulence. 


‘consequences of occultation can be traced with the same model, as one lets the 


1947 


m its angular velocity, x the inclination of its axis, 7 


there is no rotation across the line of sight. 
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the envelope shrink (Fig. 3). The limiting case gives the same profile as that 
| from the theory of plane-parallel atmospheres (WILSON, 1937; UNDERHILL, 


tant conclusion here is that one cannot read the ratio of the two radii 


lar and atmospheric) from the emission components alone, \ better test. if the 


tinuum were well loc ited. would he the MATIN Veloeities in ibsorption \ iolet 


red). 


fransparent Eni lope ‘i whic h the Predominant Mi ion Is Transverse 
- profiles in this group were obtained from a model which consisted of an envelope 
idiative equilibrium with a small black body about which it rotates (Fig. +). 


» shal pness of the core depends on the ratio. 


* 


Row sin o/v 


the projected velocity of rotation, Rw sin x, to the resultant of the non-uniform 


> 
< = 


0 7 r*), where F is the effective radius of the envelope, 


is the thermal velocity, Vy the 


turbulent velocity, and v, the velocity gradient. The core naturally disappears when 
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Fig. 3. he contours produced by pure scattering Fig. 4. The contours produced by pure 
and radial motion of the envelope. II. } V 10 scattering and transverse motion of the 
nvel be. Re oint star 
R, is the radius of the star; AR, is the mean radius of the cRvanys Po 
nvelope rhe optical depth of the envelope at the cent is the ratio of the rotational ve it 
frequency is 1 mean random velocity Rw sin «/v* I 


f the frequency scale is the Doppler shift 
Ineed pe 


ed by a velo 


-2 O +2 -2 O 
Fig. 5. The contours produced by pure scattering and transverse motion of the env lope. II 


The profile on the left is that of a point star, enclosed by an enve lope whose optical depth at the central 
frequency is 3 (cf. the middle 


wrofile of Fig. 4). The profile on the right is that of a star enclosed by 
an envelope of the same radius 
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The profiles for this model are much more sensitive to the size of the envelope than 
is the case in the preceding one, where the motion was radial. If the radius of the 
envelope is not almost twice that of the black-body, the profile is not noticeably 
different from the limiting case of equal radii. The limiting contour is shown in the 
right-hand profile of Fig. 5. When the radius of star and envelope are equal, the 
model coincides with the one on the basis of which STRUVE (1929, 1945) obtained 
the profile ota rotationally broadened absorption line. So it is not surprising that 
this profile agrees with his. 

The profile on the left of Fig. 5 is the result of a calculation in which the rotating 
envelope was again much larger than the enclosed black-body, the optical depth at 


line-centre having been raised to 7 3. In the preceding cases the depth was 7 bs 


4 Eni lo pe s ( onsisting Oo} Two Nhe IIs 


Models have also been considered in which the envelope, although sufficiently 
ionized to emit according to the ZANSTRA cycle, also manages to present an appreci- 
able opacity to the escape of photons of line-frequency. Space does not permit a 
discussion of these here. Accounts of the calculation and the resultant profiles are 
published elsewhere, others are being prepared for publication. One can anticipate 
the form the profiles take by thinking of the contours of the preceding two sub 


headings as modulating a broad emission band. 


{. THE TEMPERATURE OF EMISSION-LINE STARS 


If it be assumed that the process of ionization and recombination is the principal 
mechanism responsible for the excitation of stellar emission lines it Is possible to 
derive the temperatures of individual objects from ZANSTRA’S equation and to draw 
up a scale of stellar temperatures based on emission lines alone. There are certain 


valid objections to the application of this method to all atoms, one of which is the 


existence of BOWEN’S mechanism of fluorescence. It appears probable, however, if 


main reliance is placed on the atoms of H. Het and Het that the results will be 


of the correct order of magnitude. 


l le ( j 
iN 
4 
A 
I \ 
lanetal 140.000 140.000 
nenulae to Lo 
30.000 30.000 
W5 110.000 110,000 
Ws 50.000 90.000 
OOD 360.300 10.000 38.000 
OY 30.700 34.000 32 000 
BO 25.000 32.500 2S O00 
BY 13.500 17.000 15.000 
AO 14,000 16.000 14.000 
\4 11.000 11.000 11.000 


A temperature scale built up in this way is shown in Table 1. Here ZAansTrRa’s 
temperatures are used for the Wolf-Rayet stars and values derived by BEALS and 
HATCHER (1948) are used for the P Cygni stars which cover the O, B, and early A 
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classes. For purposes of comparison the table also includes ionization temperatures 
derived by PETRIE (1947) for the absorption O’s and the colour temperatures of the 
B's and early A’s by the Greenwich observers. The agreement on the whole is very 
good and suggests that we now have for the early-type stars as a whole a temperature 
scale in which we may have reasonable confidence 

The high temperatures indicated for the planetary nebulae and the Wolf-Rayet 
stars are a conspicuous feature of the table. A study of general classification and 
temperature data reveals an additional interesting fact, namely that there is a lack 
of absorption-line stars definitely known to be of earlier spectral type than O5 
That is not to say that none exist but they are at least not common in the magnitude 
ranges ordinarily studied by astronomers. This fact may be explained by supposing 
that for temperatures above about 50,000° the normal stellar spectrum is of emission 
type just as for lower temperatures the normal spectrum is of absorption-line 
character. 

On this basis the Wolf-Rayet stars and a majority of the planetary nebulae would 
represent an extension to earlier spectral types of the normal Harvard sequence of 
absorption-line stars. Such an hypothesis does not, of itself, offer a solution to the 
many physical problems which these interesting objects present. It does, however 
suggest a new point of departure for the study of such problems. As has already been 
mentioned the ejection process provides a means for producing a Wolf Rayet 
envelope and the same process on a more limited scale is probably involved in the 
envelopes of all emission-line stars. The symmetrical character of the envelopes of 
planetary nuclei suggests ejection from the nucleus as the most probable origin and 
the fact that some nuclei are of Wolf-Rayet character gives further credence to such 
an idea. It may be, therefore, that high surface temperature alone is sufficient to 
produce an emission-line object such as a Wolf-Rayet star or a planetary nebula 
and that the distinction between the two may depend upon the relationship bet ween 
temperature and surface gravity or other physical parameters not now fully 
understood. 

These various possibilities require more detailed investigation and it is hoped that 
the profile theory outlined here, which gives some insight into the dimensions and 
types of motion of the emitting envelope, together with the method of model 
atmospheres which should help in defining the physical conditions at the base of the 
envelope, may eventually lead to a clearer understanding of the physical nature of 


these interesting early-type stars. 
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1. INTRODUCTION 


A GENERAL Classification of stellat spectra shows that only certain classes of objects 


have emission lines In then spectra. These are well known and Can be grouped into: 


a) Novae and supernovae 
h) Wolf Ravyet Stars. 
c) Gaseous nebulae. 
d Be stars. Oe and Ae Stars and peculial objects hay Ing ‘combination spectra, 
e) Stars of later type. 
We shall not consider here stars in categories (a) and (6b), which are distinguished by 
their violent ejection of material. Gaseous nebulae will only be discussed in relation 


to the similarities between their spectra and the spectra of the stars in category (d). 


2. THe THEORETICAL CONDITION FOR EMISSION IN STELLAR ATMOSPHERES 


That under certain conditions a normal star may be expected to show emission lines 


was pointed out long ago by SCHUSTER (1905) and later by MILNE (1928). More 


recently BUSBRIDGE (1952) and the authors (1952), using the equation of transfer of 
radiation through a stellar atmosphere, have derived the general conditions for a 


spectrum line to appear in emission. Cyclic mechanisms were assumed to operate. 


t W 
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The authors showed that the condition for emission to appear can be written in the 
form: 


Q'w" | | (“") | | | . , | —— 
ar o} | p ( 


Here Q’ measures the departure from detailed balancing in the process of line forma 
tion (departure from thermodynamic equilibrium); x, y, 2”, and w” depend upon the 
temperature and structure of the stellar atmosphere, since they contain the coeffi 
cients of continuous absorption, scattering, and line absorption. They may be 
computed in specific cases for hydrogen, which is the most common element to 
appear in emission. For other elements, particularly for lines arising from the 
ground level, the computation can be carried out if the line absorption coefficients 
are known. The ratio of continuous electron scattering to continuous absorption 
coefficient is given by l/p, and 6, measures the departure of the atmosphere from 
greyness. The quantity dq dz determines the gradient of temperature with optical 
depth in the atmosphere. 

General consideration of the inequality (1) shows that a necessary condition for 
emission is that a spectrum line should be formed under conditions differing from pure 
scattering. This is another way of saying that cyclic processes must occur. The 
presence of continuous electron scattering helps a line to appear in emission, but is 
not a necessary condition; thus the emission condition is more easily fulfilled at 
higher temperatures. The quantity Q’ is difficult to determine since it depends on the 
cyclic processes occurring. In thermodynamic equilibrium Q’ 1. At the tempera 
ture in an O-type stellar atmosphere a value of Q’ 3°5 would suffice for emission 
to occur in the first few Balmer lines, while at the temperature of an AO star a value 
of ()’ 8 would be necessary. 

(’ increases as the conditions depart further from thermodynamic equilibrium. 
Another effective way of increasing (’ is by collisional excitation. Thus the condition 
for lines to appear in emission is seen to be intuitively explicable, but cannot be 
applied definitively until sets of model stellar atmospheres corresponding to different 
spectral types are available. A more difficult point to be overcome is that solutions 
of linked equations of transfer, corresponding to each transition in the cyclic process, 
must be obtained. 

We conclude that probably only in very hot stars can line emission arise in what 
might be called the normal stellar atmosphere. In most cases which we shall discuss 
it is probable that the conditions for emission are due to extended atmospheres in 
the hotter stars, and a variety of perturbing influences in cooler stars. 


) 


3. EmMIssSION LINES IN Be AND Ae STARS 


The fundamental work of Struve and his collaborators at Yerkes, MERRILL at 
Mount Wilson, and McLAuGHuin has shown that the most probable explanation 
of the emission lines in the Be stars is that they arise in an extended atmosphere of 
peculiar geometrical shape having considerable velocities, as if in a small planetary 
nebula. Brats has studied the profiles of the emission and absorption lines in the 
various types of Be stars falling in the category of P Cygni stars, from the point of 
view of the effect of relative motions alone (chiefly radial) in redistributing the 


energy within a line. We shall discuss recent and current spectrophotometric studies 


which enable the extent of the outer atmosphere to be estimated. 
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\ simple theory has been developed as follows (BURBIDGE and BuRBIDGE, 1953a) 
for the Balmer emission lines. The emission at frequency » in ergs per cubic centi- 
metre pel second is oiven by 


Dy N Ae, hy, 


where the svmbols have their usual meaning. Also if V is the total volume of the 
emitting region, then 
: Sahv? by/kTl Cc ; 
VE : es | = EIT R?, 
ag > 
where w is the measured equivalent width of the emission line of frequency v and R 
is the radius of the underlying star, which can be estimated from the work of KUIPER. 


Elimination of /, gives 


VN 872¢ R? me 
AAA 9 1) 


The right-hand side of this equation can be evaluated for each Balmer line. The 
Inglis-Teller formula can be used to make an estimate of the electron density V, in 


the emitting region. and since .V Ny . the Saha equation can be used to estimate 
N wy: the neutral hvdrogen density, provided that the temperature of the star is 
known. Now 
X 
N 2 >A 
and hence VNy = VIN 


To determine |’ from the measured equivalent widths w it is necessary in principle to 
measure the intensities of a// the Balmer lines, and to allow for V, and .V,. In many 


Cases only some ot the Balmer lines are strong enough to be measured, However. if 


we put (1 r)S NV. (measurable lines > N,, and write VIN kK, then 


kK 
H 


A geometrical configuration for the outer atmosphere is then assumed. For a sphere 


with radius aR 


(| r) : | (a? | ) ah 


Therefore a can be determined. Although x is an unknown factor for some stars, 
and may be of order 10°, the uncertainty introduced is only of order x’, If the outer 
atmosphere is assumed to be disk-shaped, as has been found consistent with other 
observational evidence in Be stars, then 


kK 


(] x) V wv (a* 1)27 R3, 


where aR in this case is the radius of the disk, and an estimate of a@ can be made 
with an uncertainty 2! ”. 

The application of this method to a group of pole-on stars, which have very well- 
defined centrai emission components in the hydrogen lines, has shown that the outer 
atmospheres in which these lines arise are disk-shaped, and that they extend ~ 10 
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stellar radii. The electron density in this region is ~ 10!%, the electron pressure 
~ 30 dynes, and the radiation temperature is ~ 12,000°. These results will apply 
fairly generally to normal Be stars. 

A further application made to the peculiar emission line object AG Pegasi (Bur- 
BIDGE and BurBIDGE, 1954) has shown that it probably has an extended atmosphere 
with radius ~ 400 stellar radii (5 10-> parsec) at certain times. This is of con- 
siderable interest, since a variable magnetic field in this atmosphere of order 1000 gauss 
has been detected by BaBcock, and the star is a member of the small group of stars 


with “combination” spectra. 


4. THE BALMER DECREMENT 
The most detailed analysis of the theory of the formation of hydrogen emission lines 
has been made for a gaseous nebula by MENZEL and his collaborators, and has more 
recently been discussed by ALLER. MENZEL has given tables showing the theoretical 
Balmer decrement under certain assumptions, and the observations of planetary 
nebulae have shown reasonable agreement with the theory. Until recently, however, 
no measures had been made to compare the theory for a planetary nebula with the 
observations of the Balmer decrement (as far as the observed limit) arising in the 
extended atmospheres of hot stars (limiting case of a planetary nebula). In Table | 
we show measures made in five stars, together with the comparable nebular case 


. 
VOL. calculated by BAKER and MENZEL (1938) (BURBIDGE and BuRBIDGE, 1953b). It is 
L956 seen that except for AG Peg there is a considerable discrepancy, since the observed 


Table 1. The Balmer Decrement 


The temperatures are the assumed black-body temperatures 
characterizing the emergent radiation.) 


Fini 11 Cam 12 Aur H D 37998 HD 58050 AG Peg Calculated 
18.000 20.300 17.000 20.300 10,000 (Nebula) 

Hx 4° 2-52 

Hp 1-00 1-00 OO 1-00 1-00 L-00 

H+ 0-52 0-65 0-52 Od 

Hd O-38 0-38 0-40 0-31 

H; 0-38 0-24 0-20 

Hé 0-18 0:72 0-31 0-28 0-14 

HY (0-24 0-92 0-12 0-24 0-1] 0-10 

H10 0-22 0-80 0-23 0-O82 0-O8S 

H11 0-28 0-80 0-14 0-27 0-079 

H12? 0-17 Os] 0-11 (22 0-051 

H13 0-22 0-96 0-23 0-037 

H14 0-17 0-67 0-08 0-18 0-028 

H15 0-13 0-83 0-1] 0-25 0-032 0-024 

H16 0-19 0-48 0-08 0-17 0-020 

H17 0-18 0-61 0-09 0-27 0O-O15 

H18 O-15 0-4] 0-O8 0-17 0-014 

H19 0-19 0-32 0-10 0-09 0-013 

H20 0-13 0-3] 0-09 0-012 O-OLL 

H21 O15 0-27 0-013 

H22 0-07 0-24 0-009 

H23 0-05 0-008 

H24 0-07 0-008 

H25 0-03 0-007 0-006 

H26 0-007 

H27 0-004 

H28 0-005 

H29 0-005 


H30 0-005 0-003 
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decrement is much slower than the theoretical one. It is remarkable that the lines 
arising from the high levels are so strong. This discrepancy is real, and varies in 
amount for different stars. The decrement for AG Peg agrees with the nebular 
decrement. 

An attempt has been made to explain this result in terms of self-absorption in the 
lines arising from the lower levels. Ideally for multicyclic processes the coupled 
equations of transfer must be considered. This is the underlying difficulty in all 
theories which attempt to explain emission line formation through cyclic processes. 
If the ratio of the strengths of only two lines are to be determined the problem is 
much simplified. Recently Miyamoro (1952) has made a detailed study of the 
Hx Hf ratio in this way for Be stars, and has found that the ratio depends strongly 


on the dilution factor. ranging from 1:63 when log JI D, 3-5 when 


log 4! 2-9 


The only simple way of discussing the decrement right through to the high levels 


is to consider, for any Balmer line, an equation of transfer of the form: 


dl Mo - / / 
u (J(u du D,. 
dr 2 


Here LD represents the radiation at the Balmer frequency y which is continuously 
supplied by an original pure recombination spectrum, plus that transferred to the 
Irequency y from other frequencies by cyclic processes. The fraction of the absorbed 
radiation which is re-emitted at the same frequency is given by (Mg. The cyclic 
addition to J, and the value of ©, are, for each line considered, connected with all 
other lines. By solving this equation it may be shown how an idealized ‘cut-down 
factor’ due to self-absorption depends on assumed values of @, and the optical depth 
7 (the variation of 7 from line to line depends on the atomic line absorption coefficients 
and on thei umbers of atoms in the various levels, and decreases on going to the high 
level lines). These factors are given in Table 2. Estimated values of 7 for a particular 
case are: 7(Hz«) i-7 104, 7(Hf 2-4 103, (HZ 1-3 10?, 7(H22) a0, 


O-S7 
0-458 
O-26 
O-O0026 
0-70 
(0-23 
0-12 
0-O012 
O-DS 
0-17 

| 10 O-OS5 


10 0-O009 


In Be stars having normal emission strengths in the lower members of the Balmer 
series, and in which it is only possible to see relatively few Balmer lines, it usually 
follows that 1.0 self-absorption is present, ¢.e. the atmosphere behaves like a minia- 
ture planetar, nebula. In a proportion of the stars, however, the anomalous decre 
ment occurs, and this suggests that in these stars the outer atmospheres are denser. 


JOL. 
1956 


G. R. BuRBIDGE AND | MARGARET BURBIDG!I 1451 


In estimating the extent of the atmospheres the Balmer lines right up to the limit 
should be measured. If this is not possible, the estimate made by introducing x in 
the previous section takes some account of the discrepancy. The density variation 
is not likely to be very large, consequently for both groups of Be stars the mean 


values given are reasonable. 


5. THE PASCHEN DECREMENT 
A fruitful line of investigation, as yet untried (except for an early attempt by MERRILL 
and WILSON (1934)) is the study of the Paschen decrement, where the effect of self 
absorption should be less than that for the Balmer decrement, and the relative 
absolute strengths of Paschen and Balmer lines arising from the same upper level. 


Some work along these lines by the authors is under way. 


6. COOLER STARS 


A discussion here must be confined to the description of certain emission features 
without any attempt at completeness, and some speculative remarks concerning 
possible explanations in physical terms. It is very important that spectrophoto 
metric studies of many different types of late-type object be attempted in spite of 
the grave observational difficulties. The main difficulty from the spectrophoto 
metric point of view is that of the placing of the continuum, and the large number of 
spectrum lines. 

Kmission lines are observed in the spectra of the following main SYOUpsS ot stars: 


(1) Long period variables. 
(2) RV Tauri and semi-regular variables. 
(3) Population I] cepheids (W Virginis variables). 
(4) Cluster-type variables. 
(5) Classical cepheids. 
(6) Stars embedded in dense obscuring clouds ig Tauri Star's). 
(7) Flare stars. 
(8) Late-type dwarfs. 
(9) Solar-type stars. 
(10) Some binary systems. 
(11) R Coronae Borealis stars. 
(12) Explosive dwarf stars (SS Cygni variables). 


The first five categories consist of intrinsic variables in which pulsation, steady or 
otherwise, is probably the main factor in the light variations. In all these stars 


periodic or cyclic motions of the atmospheres are observed. 


(1) Long-period Variables. A full description of the spectra of these stars and 
some possible mechanisms for producing the emission lines has been given by 
MERRILL (1940, 1952). Emission lines of hydrogen are prominent from some time 
before to some time after maximum light; lines of Fe 1 and Mgt are strong in the 
post-maximum spectrum. Many of the emission lines first appear as emission fringes 
to the violet of the absorption lines. There is an intimate connection between the 
occurrence of light variation and the appearance of emission lines in the cool giant 
stars. Moreover, the strengths of the emission lines are correlated with the range of 


light variation. 


Emission lines and stellar atmospheres 


The Balmer decrement is anomalous, and can be explained qualitatively by the 
hypothesis that the region where the lines arise lies below the region where certain 
strong absorption lines and bands arise. The decrement is most anomalous when 
the emission lines first appear and becomes more normal as the phase advances; 
this suggests that the emitting layer is rising relative to the region producing the 
ibsorption, a suggestion supported by the observed shift of the emission lines to the 
violet relative to the absorption lines. Scotrr (1942) has suggested that the actual 
mechanism of emission may be recombination in ionized material brought up from 
deepe lavers by convection. However, the occurrence of mutilated multiplets of 
Fe 1, which can be reasonably explained (THACKERAY, 1937) as the result of fluores 
cence mechanisms arising through strong ultra-violet emission lines, argues against 
this possibility, although the hydrogen lines may be explained in this way. The 
idea was revived by MCKELLAR and OpGERs (1952), but it needs more detailed con 
sideration. particularly concerning the recombination and ionization as a fune 
tion of optical depth, and the strength of the emission lines relative to the amount of 
ionized material supposed convected upward. 

Studies of the Balmer decrement in Se variables should prove fruitful, since Hp 
is not obscured by TiO absorption as it is in the Me variables. SIDELMAN (1952) has 
observed the Balmer emission lines as far as H 17 in the N-type star U Cygni: here 


ag 


ain TiO ibsorption does not cut down the intensity of H ) and absolute measures of 


the decrement might be possible 


2) RV Teuri and Semi regular Variables. A detailed account of the spectra has 


yeen ie semi-regula variables a 


iven D\ Joy (1952 It would appear that in tl 


j 
similar mechanism to that in the long period variables is in operation, since the 
majority of these stars show emission lines of hydrogen especially at times of 
increasing light. No spectrophotometric studies of the emission have been made, 
but it can be seen that the H, line is often. as in the long period variables. greatly 
reduced in Intensity through absorption by overlying Ca Il Joy found that stars 
with high radial velocities (population Il) have a tendency towards stronger emission 
lines than those with lowe! velocities. ABT (1953a) has observed a doubling of the 
absorption lines in three RV Tauri stars at light maximum, very similar to that 
described in the next section. indicating that similar processes occur in these and the 


W Virginis stars 


3 Population ll ( phe ids. The star W Virginis is the brightest member ot this 
group, which are rare in the solat neighbourhood but occul in olobular clusters, A 
characteristic feature of the spectrum of W Virginis is the appearance ot strong 
hydrogen emission lines during the rising half of the light curve. Its spectrum has 
been studied in detail by SANFORD (1952) and Apt (1952, 1954). The absorption lines 
are double for a short time around light maximum, and this has been interpreted as 
being due to successive waves proceeding outwards from deeper lavers of the 
atmosphere, a new wave starting shortly before the previous one has been dissipated. 
SANFORD has discussed the phenomena in terms of shock waves passing through the 
atmosphere. It is well known that a shock wave is a very efficient mechanism for 
heating and compressing the gas through which it passes, and sufficient energy may 
be available in localized regions to produce the emission lines. 


+) Cluster-type Variables. Violet-displaced emission lines of hydrogen appear in 


the spectrum of RR Ly rae, the brightest member of this group, near the time of 


VOL. 
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median increasing brightness (SANFORD, 1949). They persist for about half-an-hour 
Nothing can be said yet about the Balmer decrement. The difficulty in discovering 
whether this phenomenon is a general feature of the group arises because of the 
faintness of these stars, and the need for observing them with both high dispersion 
and short exposures. RR Lyrae shows a doubling of the absorption lines of Ca 11 
and hydrogen similar to that observed in W Virginis, occurring immediately after 
the phase interval in which the emission lines appear. The similarity, and the fact 
that both stars are typical members of population II, leads one to suppose that the 
causes are the same. 

(5) Classical Cepheids. Violet-displaced emission lines have been observed in the 
wings of the strong H and K absorption lines of Ca t in several classical cepheids 
during part of the time of increasing light (HERBIG, 1952a). In some stars the emission 
lines are double, the violet component being stronger than the red. Herpic (1952b) 
has suggested that the layer producing the emission lines may lie below an absorbing 
layer. He has also observed weak central emission components in the H and K lines 
in Eta Aquilae as well as the stronger displaced emission components. The structure 
of the Ca 1 lines is thus very complex. The components which are contributing are 
(a) a normal broad photospheric absorption line (b) a fairly broad emission Com 
ponent supposedly produced in a localized region within the atmosphere, (c) an absorp 
tion component arising above the emission line region, and (d) a weak emission 
component which may arise in a region above all other components. 

H vdrogen emission lines are not observed in classical cepheids, vet atmospheric 
motions of considerable amplitude occul Perhaps this is connected with the 
coherence of the motion and absence of large-scale motions of one lave! relative to 
another, such as may occur in the other variables. However, only a detailed study 
based on knowledge of the structure of such an atmosphere in a steady state will 


enable these ideas to be tested. 


(6) Stars Embedded in Dense Obscuring Clouds. Irregular variables which are 
dwarf stars around type G or later are embedded in dense obscuring clouds (Joy, 
1949; STRUVE and RuUDKJOBING, 1949). These show strong emission lines, usually of 
hydrogen and Cau, but sometimes also of neutral and ionized metals and helium 
It seems that these stars are of common occurrence in regions of dense interstellar 
matter. Clearly the lines must be due to interaction between the star and the su 
rounding gas and dust, since there is insufficient radiant energy available to produce 
such high excitation lines in the spectra. The infall of material through gravitational 
attraction has been suggested as a likely source, although GREENSTEIN (1950) has 
considered this to be energetically insufficient, and has suggested another source of 
energy derived from the compression of the interstellar magnetic field as matter is 
compressed near to the star. However, the energy available by GREENSTEIN’S 
mechanism depends on the initial strength of the magnetic field and the degree to 
which it can be amplified by compression, besides other more technical points, and it 
is premature to suppose that the matter is settled. In any case, material is presumed 
to be falling into these stars, and it is tempting to consider them as recently formed 
and rapidly growing objects. A spectrophotometric study of the emission line 
intensities might throw light on the extent and density of the emitting region. 


(7) Flare Stars. In the last few years a number of red dwarfs have been found to 


undergo large, rapid, short-lived increases of brightness like solar flares on a much 


spectrum of one of these at the time of a flare showed strong emis 

n. Het and Hew (Joy and Humason, 1949). If the flares are 

ture as solar flares then probably stellar spots and magnetic fields are 
ivea of the flare need only be a small fraction of the low temperature 


‘in order to produce the observed brightening (IMKRON and KRon, 1949). 


Dwarfs. Emission lines of Ca 1 and hydrogen are frequent in late 
Joy (1947a) found that emission lines are most frequent in dwarts of 


but are weak or absent in subdwarfs. Many of these stars are 
ns, but this type of emission does not seem to be correlated with 
KRON (1950) discussed the variability of the emission lines in several 


ig binaries. He concluded that the emission lines come from regions which are 
und whose intensities and positions on the stellar surface vary. Also the 
r the emission does not depend on the effective temperature of the star. 
dealing here with phenomena resembling solar flares, but on a smallet 

much rare} {| 


ire stars, seems Clear. Thus it is of importance to note 
conclusion that the phenomenon is weak or absent in late type subdwarts 


since this may imply the absence of stellar spot phenomena i 


presence or absence of 


f these has a be wing on the internal structure 


Thus POSSIDIV rel 


lated to the different evolutionary processes In 


Weak emission lines occur within the wide H and K absorp 
inv G-type stars, including the Sun. This may be a very general 
in only be detected when spectrographs giving sufficiently 


(FREENSTEIN (1952) has listed a number of stars showing the 


the emission lines in some stars is wider in giants than in 
the increased turbulence in the itmospheres of giants. 


Binary Systems. A number of eclipsing binaries of type F and later have 
been found to show Ca 11 emission lines, which probably arise in two regions 
- bulges of tidally distorted stars (HILTNER, 1947; GRaTTON, 1950). GRATTON 
ggested that circulatory flow may occur in the regions of the bulges and may 


cause such a temperature gradient as t 

However, it is doubtful whether this idea would survive a quantitative analysis. 

\nother type of phenomenon occurs in binaries like RW 
hydrogen appear at such times in the cycle as to indicate that they arise in an 

equatorial ring of gas round the hotter (B9) component (Joy, 1947b). Binaries of 


O permit the appearance of emission lines. 


Tauri. where emission lines 


this 


sort resemble the peculiar systems. extensively studied by STRUVE and his 


issociates. where gaseous streams are present. Here we are dealing again with hotter 


ars, and the actual mechanism of emission line formation has been discussed in the 


wer sections 


ae Borealis Stars. Emission lines of low excitation potential, including 


lines of Nal all. Sei. and Titt have been observed in the spectrum of R CrB 


) 
near minimum light only (HERBIG, 1949). It is not known whether this is a general 


feature of variables of this sort. 


An attempt to explain the light variations of 
R CrB was made by Lorera (1934) and O'KEEFE (1939), in terms of the absorption 


ind scattering by a cloud of solid carbon particles which originated on the star. 
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However, this does not seem to throw any light on the mechanism which produces the 


emission lines. 


(12) Kxplosive Dwarf Stars. These (SS Cygni) stars may belong to the family 
of novae. The comparatively short period between outbursts may be correlated with 
their light increase which is small relative to that of ordinary novae. Thus they do 
not fall into the categories which we are discussing. One feature which distinguishes 
them from flare stars is that the emission lines (mainly hydrogen), which are wide and 
strong in the normal spectrum, tend to weaken or disappear at times of increased 
light (ELVEY and Bascock, 1943). 


‘Fe (CONCLUSION 


In the case of the hot stars the high temperature radiation from the star plays the 
primary part in producing the emission lines. The theory of emission lines produced by 
these radiation processes is in a fairly satisfactory state. In the case of the cooler stars 
processes other than radiation must play a predominant part. ‘wo main groups can 
be discerned: one in which large scale motions and the resultant kinetic energy alone 
may provide sufficient excitation, and one in which electromagnetic forces togethe 

with dynamical effects may be important. In both cases the theory is as yet in a 
rudimentary state. A study of the emission lines in hot stars has told us much about 
the oute) atmospheres of these stars spectrophotometry of the cooler stars, while 
much more difficult, will clearly be an important topic in the next few years, partici 

larly if theoretical work on the perturbing forces within cool atmospheres can be 


dey eloped 
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Identification of Emission Lines in the Spectra of Wolf-Rayet 


BENGT EDLEN 


1. INTRODUCTION 


ures of W olf Ravet Stal lave heen deseribed ind discussed 
number of papers, references to which may be found in articles by BEALS 
1940) or SWINGS (1942 The typical Wolf-Rayet spectrum consists of broad emis 


Sion lines. OC casionally with in ibsorption borde On then violet edge. superposed on 


1 relatively faint continuous background. The bandwidth is of the same order of 


l 


magnitude for the different lines in any one star, but varies considerably from one 


+ 


star to another representative \ ilues ranging roughly from 5-50 A, 

The great width of the lines makes their interpretation difficult because of the 
necessarily wide limits for a wavelength coincidence and the high probability for 
blends. Nevertheless, the presence of lines due to He 1 and He I as well as ionized 
carbon, nitrogen, oxygen, and silicon was early noted, and these elements are still 
the only ones recognized in Wolf-Rayet stars. Confrontation with a study of vacuum 
spark spectra finally led to the identification of the essential p irt of the then remaining 
bands as due to highly ionized atoms of the same elements including U oi, U Tv, 
Niv. Nv. O1v, Ov, Ovi (EDLEN, 1931, 1932). These results provided definitive 
evidence for the existence of two parallel sequences of Wolf Ravet Stal's carbon 
stars, characterized by lines of carbon, especially C m1 and C tv, and nitrogen stars, 


showing lines of nitrogen only (see PAYNE, 1933). Common to both sequences is a 


strong spectrum of helium. The carbon stars also show oxygen, though faintly, in 


various stages of ionization, and traces of Sitt and Sitv. Following BEALS’ sug 
gestion (1938) the symbol WC has been accepted to designate stars of the carbon 
sequence, comprising the temperature classes WC 6 to WC 8, and the symbol WN 
for the nitrogen sequence with the classes WN 5 to WN 8S 

Since 1933 (EDLEN, 1933) no new laboratory data of importance for the interpreta 


tion of Wolf-Rayet spectra have been published, except for an observation of a few 


/OL. 


1956 
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lines of O v in the visible (EDLEN, 1939). On the other hand, a number of stellar 
lines have remained unidentified, the most conspicuous being 25470, 24229, 23687, 
and the recent extension of stellar observations into the infra-red (SwiInas and 
JOSE, 1950) has yielded a wealth of new material, requiring for its detailed explana 
tion extensive laboratory investigations, especially in the region of longer wavelengths. 
Work intended to meet this need has been in progress for some time in the Physics 
Laboratory at Lund. The study of the carbon spectra C ir, C mt, and C Iv, which are 
the crucial ones in this connection, has now advanced so far as to permit a renewed 
attack on the identification of Wolf-Rayet spectra, the results of which are presented 


here. 


2. THE CARBON SPECTRA Cin AND Cit IN Wour-RAYET STARS 
The spectra of the carbon sequence stars are dominated by lines of C ur, C tt, and 
(‘1v. Good laboratory data for C i, extending in the infra-red to 47230, have long 
been available, and the exhaustive description of C m1 quite recently published by 
GLAD (1953) supplies all additional data required. The detailed evidence for the 
appearance of C 11 in the red and infra-red regions of Wolf-Rayet spectra is collected 


in Table 1. The first column is a condensed extract from GLAbD’s table. and the 


Dal 1. Conder llat ttory data rCy } t / } WC 8 
Lal 49 s 
K 
Multiplet A, ntensit HD) Ls4 . HD 
SHU 
ty2S—2p”2P te 


SOHS°4 


2”? P-3p"P 7519-6 (7 7518-4 (2 15-9 (4 e 
ip? P32 D 7236-4 1) 7234-4 (8 7231-5 (20 
7231-3 (18 229-1 (8 
7134-1 (6 
| 7125-7 (7 | 7133-0 (1-2 7129-3 (2 
3p’4§ D-3d"4* F 7119-9 (12 
| 7115-6 (LO | 7108-2 (2 7110-5 (3 120 
7112-8 (8 
6800-7 (7 
| 6791-5 (7 
Bs’4 P-3p"4D 6787-2 (6 . 
t) Sot) s 


p 6780-7 (3 
6780-1 (8 
6582-9 (16) Masked b " 
Ss28—3p2P yc 16 lask 2 HOSTS (15 
i 6578-0 (18) nebular lin 
tf? FF -6a2G 6461-9 (S5H)S 6459 (5 6464-2 (4 C m?, OG! 
$2 J)-6f? 4 6151-4 (4H) 6154 (10 6154-8 (4 ('r4, O1 
* Referen GLAD (1953) 
teferences SWINGS and Jost 1950 SWINGS 42 WRIGHT 18 HD 18473 BD 3639 
HD 164270 CD 2° 1362 
For easy comparison, the nomenclature throughout this article is the sa is in EDLEN (193 und (1934 
H very hazy 
WRIGHT'S intensity scale different, (5) and (10) indicating vy faint lines 


second column shows the stellar lines attributable to Cu in the stars HD 184738 
and HD 164270, both of class WC 8, the lowest temperature class of the carbon 
sequence. The table extends toward shorter wavelengths as far as to include the 


if nese 


wavelengths. The region of shorter wavelengths, for which adequate 


new lines at £6462 and 46151, which may be partly responsible for the stellar bands 


{ 


dentification of emission lines in the spectra of Wolf-Rayet stars 


laboratory and stellar data have long existed, needs no discussion here. 


\lthough C1 is responsible for the strongest infra-red line in these stars the 


spectrum of C 1 appears relatively faint compared to C 1m or Civ. In HD 192103 
of class W(¢ 
(11 transitions in the region concerned that could give any significant contribution to 


it is still fainter, and it can be safely assumed that Table 1 contains all 


Wolf-Rayet spectra. There is, in particular, no reason for searching predicted transi 


tions. C 11 multiplets at 247060 and 46740, not included in the table, may be sufficiently 


strong to be considered but will always be masked by He 1 and C m1. For complete 


laboratory data the reader is referred to GLAD’S paper. 


Previous laboratory observations on the spectra (‘it and C Iv ranged to about 
5SS0O0 A the 
length. Both C1 and, especially, C Iv were more fully developed in some of the 


i( 


‘curacy and completeness decreasing, however, with increasing wave 


stellar spectra, and a number of stellar lines could be identified with transitions 


predictable from the term systems but not observed in the laboratory (EDLEN, 1933). 


For obvious reasons, this method of identification must be used with care and should 


not be exaggerated. The need for new laboratory data became urgent when SWINGS 


and JOSE extended stellar observations to the near infra-red. The investigation of 


Cm and C rv has been taken up by K. BocKAasTEN in this laboratory and has now 


proceeded so far that final wavelength lists are available for the visible and the V 


intra-red. 


Using a 21-ft grating in stigmatic mounting. BOCKASTEN has recorded the 1 


spectrum of a modified vacuum spark, producing C 1 and C Iv with good intensity 


and comparatively sharp lines. The results for C mi are shown in Table 2, where 


the first column is an essentially complete reproduction of BOCKASTEN’S table, 


though the 


wavelengths have been rounded off to one decimal and some of the 


faintest lines have been excluded. The intensity figures are simple eye estimates on a 


principally logarithmic scale, uncorrected for the sensibility curve of the photo 


graphic plate S. 


The same two stars of class WC 8 as in Table | have been selected 


for comparison. The WC 7 star HD 192103 exhibits the C 1m lines with about the 


same intensity 


table Was 


as HD 164270 without vielding any additional identifications. The 


limited to the region above 44700, where the new laboratory data are 


essential for the present purpose. 


An inspection of Table 2 reveals that the laboratory spectrum of C IIL is very 


completely reproduced by the typical stars of the WC sequence. The agreement as 


to wavelengt 


h 


and intensity is probably as good as Cah be expected, considering the 


observational difficulties. Some apparent intensity anomalies may be explained by 


selective abso ption effects in the stellar spectra, as, for instance, the absence of the 


strong C 11 line at £7612, which falls in a region influenced by atmospheric absorption. 


Atomic transitions involving terms with high principal and azimuthal quantum 


numbers 


are 


as a rule very sensitive to Stark effect which makes them wide and 


nebulous in the ionic fields of laboratory light sources. The laboratory intensity then 


tends to become underestimated, and the lines may even escape observation alto 


gether. In t 


rarified stellar atmospheres, on the other hand, such effects will be 


much smaller, and for the Wolf-Rayet stars, where the intrinsic width of all transi 


tions is considerable, the extra broadening due to Stark effect will certainly be 


negligible. This means, however, that transitions of this hydrogen-like type would 
appear relatively enhanced in the stellar spectrum and should be looked for even if 


BENGT EDLEN 


Table 2. Laboratory data for C ut in the region 9000-4700 A with identifications 
in WC 8 stars 


Laboratory data* Stellar data 


rransition A (Intensity) | HD 184738 HD 164270 


8665-2 (2wh) 
8663-6 (lwh) 
8500-3 (10) 8500-2 (3 
8358-7 (2) 
8357-9 (2 
8347-9 (5) Peer: 

8341-6 (6 5345-0 8340-1 
8333-0 (7) 


8663-4 (3 


8354-6 (1 


$196°5 (LOw) ( 8195-3 


SO21-1 (Lh) SO19-0 (2 
7796-0 (4) 
7780 
7771: 
7707 
7625-§ 
7612 
7595: 
7592: 
T5S6- 
7578:: 
7576 
7486 
421323 
7210:: 
7037+: 
6872 
6862-7 
O6S857°: 
6762:: 
6744- 
6742:: 
6731 
6727 
6350 
6205-6 (5) 6206 (5 

6156-7 

6155 ; 6154 (10 Blend O17 


6730 


5893-5 (15 Blend C 1 
Masked by He 
( 5S28 (20 Blend ¢ 
, 6G, : 7 5775 10 
3p' P,—3d' D, 5695-9 (12 5696-0 (60 DO97T+2 
4d3 D,—3d"P, 

dD, FP 

‘F_-7g°G 
383 P,-3p3S, 

IP. aN 
id' D,—dp'P, 
38 P,-3p3S, 
3p?Ds 5p® Ps 


l 


* Reference SOCKASTEN (1953), unpublished 
References as in Table | 

W wide h hazy wh wide and hazy m 1 
Data from WRIGHT; intensity figures on a higher s 
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they could not be observed in the laboratory. In Table 3 are collected predicted 
wavelengths for the most important transitions of this kind in C 1. For the purpose 
of this calculation the term system as given in the literature (EDLEN, 1934) was 


slightly revised. In particular, the term values for the singlets were increased by 


Table 3. Predicted, mostly hydrogen-like transitions of C 11, and 
possible identifications with stellar lines 

ee aaa HD 184738 HD 164270 Remarks 
673 FSG S410) 8415-2 (07% 8405-5 (27) 
6h 8 8328 8328-3 (3 8320-0 (4 Blend C 111, ef. Table 2 
bg 8/ 827] 8260-7 (1 8266-0 (5 Too strong in HD 164270; probably 

blend with other contributor 
5q 3G—6f3 1 8145 8142-0 (1s 
5g 31 G—6f FE 7969 7969-7 (1 7961-0 (1 
6f3F-9RG 6604 6607-7 (17 6613-8 (ls? 
6h ) 6559 Masked He 11 
6g q/ 6523 6519-9 (1 He 11, 
5p! P-—6d' D 6462 6459 (5 6464-2 (4 Cir?, O17, cf. Table | 
Sf1F_7q'G 5834 Masked other C 11 Cf. Tab 
10 5694 Masked other C 111 ‘ i 

by LO} 5667 5660 (5 Blend Cu 
5) 7/ 1337 5130-9 (25 5133-2 (7 
5 F-Sq)¢ 1569 1568-0 (] 1572-8 (0-1 Probably Si 111 

If 3 F—8q°G $239 4237°8 (1-2 
$f1F-5d' D $173 4177-0 (1 

, S/ 4131 4130-7 ; Possil 1 
5 / 3643 3640-0 (27 Region not 

) Q/ 3360 3359-4 (1 bserved Possit Ci 
* | S SW Jos ) SW S 142), Sw Ss Vi 41 WRIGH 

Thes s s mger ( 

Wr Ss in s - 


about 50 cm~! so as to make 5g!G@ nearly coincident with 5g3G. This was done because 
of the fact that there exists in the observed carbon spectrum only one line (A8196-5) 
that can account for the transition 5g—-6h. Consequently, it seems unavoidable to 
assume that 5g'G—6h!H and 59°3G—6h°H coincide to form this line. As the terms !/#/ 
and 3H should in any case be practically coincident, the terms '@ and 3G, therefore, 
must also fall very close together. In cases where the triplet and singlet transitions 
are assumed to coincide, only the electronic transition symbol is given in Table 3. 
In two cases, indicated in the table, the transition could not be observed in the 
laboratory because of coincidence with stronger Cu. As C 1 is much enhanced 
relative to C11 in the stellar spectrum the corresponding stellar line could well be 
due mainly to C It. 


3. Crv in WouF-RAYET STARS 


BOCKASTEN S observations on C Iv, of which the results for / {700 are given in 
Table 4, have confirmed earlier predictions (EDLEN, 1933). The transition at 


47726 has been observed by SWINGS and JOSE (1950) as a strong line in all four WC 
stars investigated. It is remarkably enhanced in WC 7 as compared to WC 8, and 
is by far the strongest infra-red line in HD 192103. A comparison of the intensities 
of selected lines of Cu. Cit, and Ctv in the stars HD 164270 (WC8) and 
HD 192103 (WC 7), displayed in Table 5, shows the considerable difference in 
ionization in these two typical representatives for the classes WC 8 and WC 7. 


V 
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The selected lines are the strongest infra-red transitions of each ionization stage, and 
are essentially unblended. The intensity ratio C 1m 7231/C1v 7726 changes from 
4 to 0-6 and would be an excellent classification criterion if the infra-red region has 


been observed. 


Table 4. New laboratory data 
for CIlv 


Table 5. The relative intens ty 
lransition A (intensity of Cur, Cm, and C 1v in WC 8 
and WC 7 stars 


bhg(f )—7ih(qg) 7726:2 (4wH) j wes | Wi 
3878, 3p*P, 5812-0 (8) 
2S; °F. 5801-3 (10 
5p? P,-6828, 5018-4 (2wh Cu 723) 20) 2 
es as, 5016-6 (lwh ( S500 s x 
5d? Dy 6p? P, 1786-7 (lwh a S196 4 s 
2D, df 4785-9 (2wh) C Iv 7726 5 20 


As it is evident that C tv comes forth with great strength in HD 192103 there is 
good reason to expect the appearance of more C tv lines than have been observed in 
the laboratory, especially as most of the possible transitions are of the hydrogen-like 
type that tends to vanish through Stark effect in the vacuum spark. A full interpre- 

OL. tation of the stellar spectrum will, therefore, require consideration of predicted 
956 transitions. In the case of Civ one has good possibilities for predicting not only 
wavelengths but intensities as well. It is of special interest that the relative transition 
probabilities for a group of transitions between fixed principal quantum numbers, as 
theoretically calculated for hydrogen, may be assumed to hold with good approxima 
tion for Civ.* By means of the data given in BEeTHe’s article in Handbuch der 
Physik (BETHE, 1933) the intensities for the different transitions in the group 5—6 


have been calculated and listed in Table 6 in order of increasing wavelength as 


Table 6. Theore tical relative ntensities 
jor hydroge n like transitions 5—6 


rransition I l 
In © Ivy per cent per cent) 
ds 6p 3934 1-7 Od 
Sp 6d 444] 5:5 ] 7 
5d—6f 4646 14 () 
5f—bq 1657 27 24 
5g—6h {658 50 66 
5gq—b6f 41659 0-2 0-1 
df 6d 1664 0-6 0-1 
5d—6p 4786 0-8 0-4 
op 6s 5018 0-5 0-6 


occurring in Civ. The figures are given in per cent of the total intensity of the 
group, and are uncorrected for the /°-factor. Following BETHE, I have calculated the 
intensities for two different excitation conditions, /, corresponding to thermal equili- 
brium at a high temperature, and /, corresponding to a case where atoms are landing 
at equal rates in each quantum state. The difference does not change the qualitative 
picture to an extent that is relevant for the present identification purpose. BOCKASTEN 


* I am grateful to Professor A. UNSOLD for confirmation of this point. 
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has recently observed all the seven components of the transition group 4-5 of 
C rv, and has verified, in accord with my previous finding (KDLEN, 1933), the general 
picture of intensity relationships displayed in Table 6. According to this picture 
the intensity is very strongly concentrated in the most ‘“*hydrogen-like”’ transitions. 
\s, moreover, these transitions fall close together, a central band containing practi- 
cally the whole intensity will be formed, the other transitions appearing as faint 
satellites. This is clearly born out by Fig. 1. For convenience, I will refer to these 


JAVM 


a 
| 

oc 
* 


features as “fundamental band” and satellites” of a transition group. The 
intensity concentration in the fundamental band will become increasingly more 
pronounced with increasing quantum numbers. 

Wavelengths for the different components in the groups 5-6 and 6—7 of C Iv are 
collected in Table 7 together with the corresponding lines in the star HD 192103. 
The calculated wavelengths are based on term values slightly improved as compared 
to my earlier study (EDLEN, 1933). They might still be improved by BockasTEN, 
but the accuracy is already adequate for the present purpose. As the table shows, 
both groups appear complete in the star, the intensities being closely analogous for 
the two groups and in fair accord with prediction. For 6s—7p the intensity figure has 
probably been exaggerated by blending with C 11 6580 
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Table 7. The transition Groups 5—6 and 6—7 of C Iv as appearing in the 
WC 7 star HD 192103 


rransition / HD 192103 Transition / HD 192103 
pbs DO1S 5OLS8-3 (2 6p-—7 S380 S387°7 (2 
l—-Op {786 1787-7 (3 6d—7p 7948 7946-2 (2 
f—-6d 1664 6f—7d 7737 
vg f—bha $658 $652-2 (50 bhaf—Tihg 4426 7726-0 (20 
51-6 4646 6d—7f 7708 
Sp—bd $44] $440-7 (10 6p—7Td 7379 7378-9 (8 
5s—Op 3934 3933 (3) 6s—7Tp 6592 6596-4 (10 

* BD 401 Stellar ita from PLASKE } SW S 1 JOSE Vat | 
| nd © Ill 
Intensi fig ybably fluer | ( s 


In the group 6-8 the fundamental band coincides with He 11 4685, and the satellites 


also fall at unfavourable positions. From published spectrograms of HD 192103 


(SWINGS, 1942) it seems as though 6p—Sd, 2 1554, could be present as a wing to 
He 11 4542, and 6s SP. Acny. 4219, on the edge of C 1v 4229. None of the satellites of 
the group 6-9 faagio. . . oane) or 7-9 (ATSSl . . 6405) seems to appear in the 


stellar spectrum, and the groups 5—7 and 7-8 fall outside the observable range 

With regard to the dominant intensity of the fundamental band within each transi 
tion group, particularly for high quantum numbers. a special search for such bands 
was undertaken. In calculating their wavelengths, a very close approximation will 
be obtained by using the exactly hydrogen-like term values, 7'),=16R n? 
1.755.717/n2 em-!. The transitions thus calculated are collected in Table 8, where 
the series 5-n, 6-n, and 7-n are complete through the observable range, while 
S-n, 9-n, and 10-n have been cut off arbitrarily at 20. 

The data in Table 8 give immediately the explanation for the stellar lines 23689 
25470, and 44229, which were the most conspicuous unidentified lines in the ordinary 
wavelength region, 25470 being a characteristic feature of the carbon stars They 
are thus identified as the hydrogen-like Cv transitions 6—9, 7-10, and 7-12 
respectively. As shown in the table, several higher members of the series 7—n also 
seem to give a significant contribution to the stellar spectrum. The appearance 
of transitions involving such high quantum numbers was certainly unexpected and 
seems at first sight surprising. However, the identifications show every sign of being 
true: the wavelength coincidences are perfect, the lines have no other acceptable 
explanation and formed the last remaining features still unexplained in these stellar 
spectra. Finally, all other lines in the series 6—n and 7—n that should alsu appear are 
accounted for through coincidences with stronger carbon or helium lines. All com 
binations involving two even quantum numbers will, of course, always be exactly 
coincident with a presumably stronger transition of He 1. The series 8—n is entirely 
masked, as remarked in the last column of Table 8, except for 8-15 at 45093. 
A faint line was observed at this wavelength in WC S stars. It has not been tabulated 
for HD 192103, but is probably present as judged from inspection of published 
spectrograms. Of the still higher series, 9-n, the first observable member could 
account for the otherwise unidentified stellar line 27861, and higher members might 
contribute to 26408 and 76147. 

Even if the last mentioned, somewhat dubious, cases are disregarded, it is evident 


from the unquestionable identifications in the series 6-n and 7—n that C Iv is dis- 


played with a most remarkable strength and completeness in these stars. Of the 
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transitions in Table 8, BocKASTEN was able to observe in the vacuum spark, 
besides 24658, only the first three members of 6—n, the last ones being very diffuse. 
\s mentioned before, however, these hydrogen-like transitions are exceedingly 
sensitive to Stark effect and will easily disappear in the strong ionic fields in the 


Table 8. Computed. strictly hydrogen-like transitions in C tv, with 
lentifications in HD 192103 
HD 192 rransitior i HD 19210 
$H58°S $652-2 (50) | LC 1] 7736-0 Masked C 1 
8—12 6559-6 Masked He 11 
7 7726-5 7726-0 (20 8—13 5865-5 Masked He 1 
s 4685-4 $687 1) blend H S—14 5411-1 Masked He 11 
sOSU-S 3687-4 (4 S—15 j)092-9 5092-9 (1)? 
0 3202-9 3203 s) | H 8—16 $859-0 Masked He 11 
S—17 1680-8 Masked He rm 
7-9 062-4 7060-2 (15) blend He 1 S—I18 $541°3 Masked He 11 
7-10 470-8 5470 } S—19 $424-5 
3 4688-9 Masked by H ( 8-20 4338-3 Masked He 1 
7-12 4229 4229-3 (3 
7=13 3929-4 3933 3) blend C 1 9-14 7861 7861-8 (4 
7-14 3720-1] 3722 2 9-15 7207 Masked C 1 7231 
4-15 3500-9 3567 Z 9-16 6747 Masked C 111 
7-16 3450-5 9-17 6408 6408 (1) blend He 1 
7-17 | 3359-7 | 3355, 9-18 6150 6147 (1) blend Cm 
7 s 3287-2 | 9-19 4 
7 998.3 | 3235 |} cabures §—20 5783 Masked C tv 5801 
7-2 wee | er 10-18 $236 Masked He 1 
7-22 3104-4 10-19 787 
4-23 3074-9 10-20 7592 Masked C 1, He 
* s I XIII 
O HD 27 84738 iD gra 


spark, while in the stellar spectra they should be comparatively unaffected and thus 
be able to appear much more completely. As a further reason for the strong stellar 
appearance of C tv. it should be observed that, because of the very high ionization 
potential of C v (392 V) as compared to C Iv (64:5 \V). the carbon atoms tend to 
remain in the fourth ionization stage, i.e. the initial stage for a recombination spec 
trum of C Iv, over a very considerable range of excitation conditions. 

[he transition probabilities for all the transitions in Table 8 can be exactly 
calculated from the theory of the hydrogen spectrum. The excitation conditions in 
the star would then be the only unknown factor determining the relative line 
intensities, and a study of these intensities could probably give a decisive contribution 
to the still unsettled question of the excitation mechanism operating in Wolf-Rayet 
stars. Such a study, however, would require more complete photometric observa 
tions than are at present available. Intensity measurements of Wolf-Rayet bands 
have been published by Beats (1934) and by ALLER (1943), partly covering the same 
stars. It may be pointed out that the results are in some cases remarkably discordant. 
In HD 192103 both observers measured the bands 5411, 5470, 5696, 5812, 5875, all 
well defined and restricted to a fairly narrow wavelength region, giving the following 
intensity figures, BEALS: 22, 14, 150, 360, 37, ALLER: 10, 8, 96, 83, 31. Thus, the 
intensity ratio for 5812/5696 is found by BEALs to be 2-4, while ALLER finds 0-87, 
If the spectrum is not variable, one must then assume the possible errors to exceed 


a factor 2. 


VOL. 
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$f, HELIUM AND OXYGEN IN WoLk-RAYET STARS 
The spectra of helium, especially He 11, are strong features in Wolf-Rayet stars of 
both sequences. The two observable members of the series 3—n of He 11, viz. 14686 
and 43203, are very strong, and the series 4~-n, the even members of which coincide 
with the Balmer lines without noticeable enhancement, can be traced to high 
members. The series 5—n, which falls in the red and infra-red region, is certainly also 
present. As it seems to have been overlooked occasionally, the evidence for its 
appearance is given in Table 9. The faintness of 5-11 is somewhat disturbing, but 


Table 9. Evidence for the series 5—-n of He tt 


lransition Acal HD 192,103* 

5— 9 8236-8 8242-1 (6) 

5-10 7592-7 7595? LO) blend C «1 
»-LI 7177-5 7179-5 (0 

a 6890-9 6894-6 (4 

5-13 6683-2 6678-7 (3) blend He 1 
»—-14 6527°1 6520°1 

5—15 6406-3 6408 (1) 

5—16 6310-8 6310 (0) 

»—-17 6233-8 6235 (0 

* Data from SWINGS and JOSE 1950), and BEALS 
Lasso 


might be explicable by some absorption effect. The lines of this series, as indeed all 
He 1 lines, are blended with a corresponding hydrogen-like transition of C Iv, but 
this contribution should be insignificant. 

The only additional elements recognized in Wolf-Rayet stars are nitrogen, oxygen, 
and silicon in various stages of ionization. N v and O vi announce their appearance 
primarily through the well-known doublets due to 3s—3p, the presence of which was 
early noted (EDLEN, 1933). Other possibly observable transitions of N v and O v1 
would involve quite high quantum numbers, and, considering that the spectra 
appear on the whole rather faintly, only the fundamental bands need to be considered. 
They are shown in Table 10. O v1 should be strongest in WC 6, but the evidence is 
incomplete for lack of adequate data for spectra of this class. 


Table 10. Calculated h ydroge n-like transitions of O v1. Ov, and N v 


rransition Wavelengtl 
Appearance in WC stars* 

Ovi, NV Oy O VI Ov, N Vv 
6— 7 haf—ihg h-i 3434 $945 O v 4945 present in WC 6 
7-8 thg—kth th—ki 5291 T7619 O vi 5291 conspicuous in WC 6 
7 y tha kih th—-ki 3139 $520 
7-10 ihg—kih ih-ki 3501 
S— 9 kihg—lkih kih-lki (es &; 
8-10 kihg—lkth kih-lki 1499 6479 
8—1] kihg—lkih kih-lki 3438 $95] Always masked by transition 6-7 


* As inferred from inspection of the spectrogram of HD 16523 (WC 6) published by BEALS (1930) 


The wavelengths of hydrogen-like transitions in O v are, of course, identical with 


those for N v, but the number of coincident components in the “fundamental band”’ 
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is smaller. as is indicated in Table 10. For the rest, O v consists of transitions 3-3, 


those with wavelengths longer than 5000 A being shown in Table 11. An important 


Table 11. Transitions 3-3 in O v above 25000 
| 
I \ nonin 
> r > D HS30 Predicted; region not observed in 
P. D 6790 WC 6 
} =? F, H5O00-2 (4 
D I 6466-0 } Probably present in HD 16523 
dD, I 6460-0 (2 | ; 
x Ll) ; I 6330-1 (0 
} P, 5 1) 5604-2 (0 
I LD) 5597-8 (4 | Strong nres { I n HD 
P I) 5583-2 (1 6523 iin i resolved in 
P D, 5580-0 (3 tw \po! s HD 192103 
ij D 9971-8 (1 
Pk Sa ne | Predicted; 5474 and 5425 mask 
; : to by ( 1470 and H 5411 
is P 5348 5 
‘ ) id 0114-2 ) Probalt pres t HD 16523 
ss ID ey 


1) 


contribution was made by BocKASTEN with the discovery of the multiplet 3p’ 


3¢d°°F through which the previously unknown term 3d%F is determined.* The 
data for this multiplet and for 3p''D-3d"F are quoted from BocKASTEN (unpub 
lished), and those for 3p?P-3d3D and 3s148S—3p!P from EpDLEN (1939). To make 
the table complete for 4 5000, two predicted multiplets are included. The 


considerable strength with which the Ov multiplet at 25590 is showing up on 
BEALS’ spectrum reproduction for HD 16523 indicates that Ov should be looked 
for first and foremost in this star or others of class WC 6. A special study of WC 6 
stars is wanted. 

The oxygen spectra O 11 and O Iv give some notable contributions to the ultra 
violet part of W( spectra. The presence of O tr. though mostly appearing in blends, 
seems also fairly well established For the present study | prepared a condensed 
table for Ot, On, and O tv intended to comprise all laboratory data of these 
spectra relevant to the identification of Wolf Ravet spectra. As the table is very 
handy and could be useful in other connections, it has been included here (Table 12). 
The intensity figures are estimates from vacuum spark records and should run fairly 
parallel to stellar intensities. The term classifications, if required, can be found in 
Moore's Multiplet Table. 

\lthough further laboratory investigations, extended through the infra-red, are 
needed for a definitive discussion of the oxy gen spectra O11. . .O V,itis clear already 


that ne 


transitions in these spectra are likely to be of significance in the region 
observed by Swines and Jose. The situation is somewhat different in the case of 
() 1, which has its strongest transitions in the infra-red. There are stellar lines at the 
positions of the OT} multiplets £8446, 27773, 46455, 246157, some of which are not 
fully explained otherwise. Especially 48442-9 (1) and 47773-0 (3; only partly C 111), 
observed in HD 184738. seem to be fairly convincing signs of O 1. 
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Lal 12. Spectra rygen, Ov, O mt, O It, ! / l form tal 
for a comparison with Wolf-Rayet spectra 

O IV 693] p 3444-1 > 3470-6 189-8 ) 
3063-5 (6 O04 (p 3449-5 (3 3712-7 (3 1253-9 (3 
S071-7 ) 3455-1 } 3727-3 (4 275-5 3 
3209-6 (2 QO It 3697-5 (3 3749-5 (5 $318-4 (5 
3348-7 (34 3024-0 (5 3703-2 (4 3882-2 (4 1336-9 (3 
3375°5 (2 s035-4 (4 5707-2 (3 3912-0 (5 1348-6 (64 
3381-3 3043-0 (4 S715-1 (4 3919-3 (4 1366-9 (4 
3385-6 (5 3047°1 (5 3754-7 (6 3945-0 (4 1396-0 (3 
3396-8 (2 3059-3 (4 3757-2 (5 3954-4 (5 1415-7 (64 
3403-6 3121-7 (2 3759-9 (7 3973-3 (6 1448-2 (3) 
3411-8 (5 3132-9 (3 3774-0 (4 3982-7 (4 1452-4 (3 
3490-8 (2 3238-6 (3 3791-3 (4 1071-0 (6 1467-4 (3 
3562-2 (2 3261-0 (5 3961-6 (5 1075-9 (6 1591-0 (5 
3725-8 (3) 3266-0 (6 5268-1 (3 1085-1 (4 1596-2 (4 
3729-0 (3 3283-6 (3 5508-1 (2 1089-3 (4 1640-6 (4 
3736-8 (4 3299-4 (3 5592-3 (5 1092-9 (3 1649-1 (5) 
1772-6 (1 312-3 (4 1097-3 (3 1661-6 (4 
1779-1 (1 331 3 O 1104-9 (4 1676-2 (3 
1783-4 (3 3340-7 (5 3134-8 (4 $111-4 (4 1699-2 (3 
1794-2 (] 3350-9 (4 3139-0 (3 1119-8 (5 1705-4 (4 
1798-3 (4 3362-4 (2 3287-6 (3 1132-8 (3 6640-9 (3 
5305-5 (1 3384-0 (3 3377-2 (3 1153-3 (4 6721-3 (4 
5362-5 (2 3429-8 (2 390-3 (4 4185-5 (4 


In a preliminary study BocKASTEN has recorded some previously unobserved 
though predictable, lines of Siti and Sitv in the red and infra-red It has been 
checked that they do not contribute to any Wolf-Ravet bands as yet observed 


It might be pointed out that the most hydrogen like transitions of SiTv as well as 


Ov will always be masked by corresponding transitions of C Iv 


5. THe NITROGEN SEQUENCE OF Wo.LrF-RAYET STARS 


Laboratory data for the higher ionization stages of nitrogen are still insufficient for a 
thorough discussion of WN spectra. Nevertheless, the explanation of the relatively 
few bands observed in WN stars seems already to be fairly clear. In the infra-red 
part, observed by Swrncs and Jose, the well-known N tv band around 47114 is the 
strongest feature, and the rest seems to be rather completely accounted for by He 1 
at 27065 and 46678, and by the series 5—-n of He u (cf. Table 9). In particular, the 
structure around 48240, observed as two or three suspiciously narrow bands, must be 
due to He tr (5-9) cut by atmospheric absorption 

n this 


A comprehensive recording of Nw has recently been carried through 
laboratory by K. B. ErRtkSSON (unpublished . who found that 47762:24 (3p! D 341) D 
and £8438-74 (3piS—3d'P) are the only strong lines of N it in the infra-red. Con 


sequently, if N 1 appears at all, these lines must be present in the first place Krom 


the fact that Swinas and Jose failed to record any of them it can safely be concluded 
that Nu gives no noticeable contribution to the infra-red part either of WN o1 


of WC spectra. This is mentioned here in view of the contrary opinion recently 


expressed by ANDRILLAT (1952). 


6. CONCLUSIONS 


To summarize the identifications and give an over-all picture of the composition of a 


typical Wolf Ravyet spectrum of the carbon sequence [ have collected in Table 13 


of emission lines in the spectra of Wolf-Rayet stars 


Tal 3. Summary of lenti fications in the spectrum of the D 192103* 


fs OI 1024 (3 Hei, Hel SOLS (2 Civ (Het OH895 (4) He 1 
72 (fs Q) 1 1070 (6 CC. 6972 (1) 
8 (fs ( Si Is $105 (2 He 11 5129 (3 Ci 7026 (5) C 1 
203 (vs He mr, CIV $121 (4 Sitv, C im 5248 (0 Ct 7060 (15) Civ, Het 
shu ) Om be $125 (1 MO \ 5414 (9 He 7104 (2? 
BST (f O $157 (2 Cu 5470 (4 C1 7139 (3) Cu, NI 
$187 Cor 5584 (2 Ov 7179 (0) He 11 
O $199 He i 5597 (2 O\ 7234 (12 Cr 
0 , $229 (3 c; os D695 (30 Cw 7289 (1? He 1 
7 (2 $269 (3 Cu 5813 (30 Cry 7379 (8 Cr 
Be) ( 1318 (5 Cul 5876 (12 H 7426 (3 
63 $337 (3 He 1 6147 (1 C mr (C rv 7492 (Sn Ci 
S64 ; ( 1361 Ci 6235 (( He 11 7595 (10 Cur Hew 
GS7 (4 ( $4441 (10) Coy 6310 (0 He 11 7726 (20) Crv 
722 (2 ( 1471 (2 He 6408 (1 He wm (Cry 7775 (2? Cin 
7 ; 0) 1513 (2 C1 6460 (1 Cu (Oy TROO (2% Cm 
1745 $544 (3 Het 6520 (1 He u, Cm 7862 (4 C Iv 
754 (8 $608 (3 7946 (2 CIN 
THY a $522 (10 N v 6565 (20 He 1 S196 (8 C 11 
813 (3 () $652 (50 Car Cn 6596 (10 Ca Cy S242 (6 He 1! 
835 () $688 (20 He uu, C1 6679 (3 He He 8262 (5 Cul 
Ss He ( 1788 (3 Civ (O17 6741 (15 Cit S328 (8 Cl 
( $861 (4 He 1 6782 (2 ( 8388 (2 Cr 
S968 (2 H O $924 (3 He 1 HS61 (2 ( S499 (8 Cut 
S666 (S i 
g s 81 (f ti V 
g PLAS 24 2 2( SWINGS a 
r g Way 1 


from various sources the emission band data for HD 192103. Along with the 
wavelength is given the symbol for the atomic spectrum being responsible for each 
band. The star HD 192103 has been chosen as being a well-observed typical repre 
sentative for the carbon sequence, with a medium temperature and bandwidth.* 
The observations in the ultra-violet below 43400 may, according to STOY (1935), be 
affected by ozone bands, and those in the infra-red by other atmospheric absorption. 
In both regions a lew faint Ol dubious lines in the published lists have been omitted. 
For the region 5000-6500 no explicit list for this star seems to exist. The wavelengths 
for this region have been extracted from BEALS’ collective list of Wolf Rayet bands 
1950). Finally, as remarked in footnotes to the table, PLASKETT’s list for the 
ordinary photographic region. 23400-25000. 1s partly a rathe inadequate description 
of the spectrum, reproductions of which have been published by PLASKETT himself 
1924), BEALS (1930), and Swincs (1942). It may be remarked. by the way, that it 
is practically impossible to describe a Wolf-Rayet spectrum properly by means 
of a wavelengths list alone. An exhaustive description of a spectrum of this kind 


would require, in addition to the table, a spectrum reproduction and a photo 


meter tracing of the same magnification, which should be large enough for reading oft 
details on an adjoined wavelength scale. The reproduction of HD 192103 published 
by Swines (1942) sets an excellent standard with regard to magnification and 
oradation. 

It is apparent from Table 13 that the identification problem is essentially solved. 


The range of elements and ionization stages previously recognized is confirmed, 
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the ions definitely present being He 1, 1; C1, m1, 1v; Om, Iv, v, vi; (Sitv). The 


presence of nitrogen is questionable i 
which should be the first sign of N tv. 


n view of the absence of a band at /3480. 


Thus, this renewed analysis has largely con 


firmed previous results as regards the composition of Wolf-Rayet spectra, in parti 


cular the dominance of carbon in the WC sequence. At the same time it has disclosed 


the unexpected prominence of transitions between very high, hydrogen-like quantum 


states, especially in C rv, which may eventually lead to a better understanding of the 


physical processes in the outer layers of these stars. 


In conclusion, [ wish to express my great pleasure in presenting this paper as a 


contribution to the book dedicated to Professor STRATTON, to whom I will add my 


personal greetings and wishes for continued good health through many years to come. 


‘riser, L. A. 
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Gamma Cassiopeiae 


D. L. Epwarpbs 


Norman Lockyer Observatory, Sidmouth, Devon 
S 

rs are briefly outlined, and illustrated by a detailed description of 
ae ma Cassiopeiae between 1929 and 1942. with a brief history of earlier and later 
based mainly on spectra taken at the Norman Lockyer Observatory, 
lata from other sources. A plate of objective prism spectra, and 
o stics amplify the verbal description. Indications are mentioned of the 

itbursts, and of some unsolved dithculties of interpretation 


|. INTRODUCTION AND EARLY HISTORY 


(GAMMA Cassiopeiae is a conspicuous example of a comparatively small group of 


stars of spectral type B, in which the lines of hydrogen (and frequently of other 


elements) show emission features. They are known as “Be stars’. The group is not 
strictly homogeneous, as the members differ from each other in many characteristics, 
such as the number and character of the emission lines, the chemical elements involved, 


their variability and the features of the general absorption spectrum. The basic 


venomena, however, are similar and should be capable of representation by a general 


nodel susceptible of adjustment to fit individual cases 


“dish shaped broad and diffuse), indicating rapid axial rotation—though if the 
ixis of rotation is near the line of sight these lines appeal sharp. The emission lines, 
where present, are superposed on these broadened absorptions, usually in pairs, the 
two components lying neal the centre on either side of the undisplaced wavelength. 
They may, however, be sharp and single, again probably indicating the position of 
the rotation axis (or very slow rotation). The two components (referred to hereafter 
is | and R, denoting the violet or red component) may not be of equal intensity, 
ind usually show cyclic variations in relative strength; also, in some cases, in actual 
intensity. These changes may vary in amount and phase between the different 


elements. The gap between V and Rk may be merely the centre of the underlying 


broad absorption or may be deepened by the presence of an additional sharp central: 
ibsorption, and similar sharp absorption lines of other elements (not necessarily 
issociated with emission may also occur. Another notable feature of these stars is 
that most of them are reddened—v.e. are redder than normal for their spectral 
type, as shown by colour and gradient measures indicating an apparent colour 
tem perature lower than the ionization temperature given by their line spectra. 

The interpretation of the phenomena of the Be stars has been an important problem 
in stellar physics since they were discovered in some of the earliest applications of the 
spectroscope to astronomy ; and though great advances have been made, a satisfactory 
detailed explanation has not yet been developed. The origin of the emission in a 
greatly extended atmosphere or shell surrounding the star, or a discrete ring of 
matter ejected from the equatorial regions by very rapid rotation, may be regarded 
as almost certain: the mechanism being recombination of electrons and ionized 
atoms. Rotation of the ring, giving Doppler displacements of opposite sign from the 
opposite sides, would account for the |’ and R components; it might also, if combined 
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with contraction or expansion of the ring, account for the relative intensities. Varia 
tions of the ring in size, composition, stratification, and opacity may account for 
other phenomena, including the reddening and luminosity changes, but in actual 
application to individual cases considerable difficulties arise, especially in the 
sequence and simultaneous occurrence of many of the observed data. 

Gamma Cassiopeiae is an outstanding example. It has passed through stages 
exhibited by several different Be stars as well as through others which are unique. 
For many years, for example, it appeared to be a fairly normal quiescent Be star of 
one type, showing little or no change; it has developed strong variations similar to 
those found in other types; it has, at another stage, lost all its bright lines except 
the earliest members of the Balmer series; above all, it has shown an intensity of 
spectrum, luminosity, and colour-temperature variation far in excess of other Be 
stars. It was first recognized as a bright-line star in the earliest days of visual obser- 
vation. In the period 1863-1894 observers saw at times H,, H,, and the helium D, 
line in emission and suspected others; they were also convinced that changes of 
intensity of these lines occurred. Some doubt was thrown later on the reality of these 
changes, owing to lack of confirmation by photographic methods, but an analysis by 
the author (EpwaRpbs, 1944) shows that some of them at least were probably real. 
They were not of great amount however, and magnitude observations showed no 
variations of more than about 0™2 (changes of this amount probably did occur, as 
shown in the paper mentioned). The introduction of more accurate photographic 
methods confirmed the comparatively quiescent state of the star until about 1929, 
The general character of the spectrum was as described above, with rotationally 
broadened absorption lines and double emissions superposed on the earlier Balmer 
lines (to about H&8), the stronger lines of Fe 11 and Mg 1 (4481). The spectrum was 
regarded as at least approximately constant. Small changes were occasionally 
suspected but not confirmed, with the exception of the V# intensity ratio, which 
LOCKYER (1933) first showed to be definitely variable though always near unity. 
The striking changes mentioned earlier did not begin until after this date, and the 
first sign was an increase in the amplitude of the |)’ R changes, which became easily 
measureable and were noticed by several observers. In the description which follows, 
the facts (unless otherwise indicated) are based on unpublished observations by the 
author of a long series of spectra taken at Sidmouth from 1911 onwards. They are 
mostly known already, as different observers at various periods have already pub- 
lished descriptions, but some new facts are included and a brief survey of the whole 
outburst, based on a homogeneous series of photographs, may be of value in clarifying 
the general picture. 

2. THE GREAT OvuTBURSTS, 1932-1942 
In 1932 the V/R ratio (which had previously been showing an increased amplitude 
of variation) began a very rapid rise, accompanied by an increase in intensity and 
number of the Balmer emission lines; also by a decrease in the width of the under- 
lying broad absorption, indicating some veiling of the photospheric level. These 
changes were irregular, but continued the general trend until the end of 1933. In 
April, 1933, and more frequently later, one or more He 1 lines showed faint emission 
components for the first time. The total widths of the Balmer emission lines began 
to decrease about September, 1933, the two components approaching each other 
until soon after the maximum of V’/R all emission lines appeared to be single, with 
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no central absorption and further fading of the broad absorption wings (though with 
large fluctuations). This phase developed until April, 1934, when the single emission 
lines included the Balmer series to about H 18, many Fe 11 and He 1 lines (including 
3965) and (much fainter) Meg 11, Sit, and Ca ur. These changes then began to reverse. 
Early in 1935 VR showed a very low sharp minimum, the components were easily 
separated, the veiling began to clear away and the emission lines to fade. 

A striking new phase began in October, 1935, when the Het line 3889 suddenly 
appeared as strong sharp absorption, indicating the development of a shell. This line 
arises from a metastable lower level, and its production can be expected in the 
condition of diluted radiation found in an extended shell or ring. The central H 
absorptions had also increased and were evidently strong shell-lines superposed on 
the broad photospheric maximum in the gap between V and &, while the veiling of 
the broad absorption wings reached a sharp minimum. The He 1 emission had faded 
out by 3rd December, and on 20th December strong sharp shell absorption lines 
appeared at 4472, 4026, 3820, and 3965 (another line with metastable lower level). 
The Mog 11 and Sit lines were absent or faint again indicating dilution. The shell 
reached its maximum intensity in April, 1936; MCLAUGHLIN (1938) gives May, and 
BALDWIN (1938) June as the date of maximum. The total emission widths had 


already passed their maximum, and the V’ and R components were also narrowing 
individually as well as approaching again. The shell effects then rapidly faded, and 
emission increased in all lines. By September, 1936, the shell lines had disappeared, 
and veiling increased. The |’ R ratio reached a sharp maximum in November. 
followed by a rapid fall. 

In 1937 the emission lines again reached a single-line stage, but of much greater 
intensity than previously. The spectrum had a most striking appearance, with 
strong Balmer emissions to H 32, numerous strong Fe 1 and Het emissions, and 
fainter emissions of Mgt, Sim, Cat: also Alt, Cat, Cru, Niu, Tit (as found 
by BaLpwin (1937)) and Fe 1m (identified by Swines and EpLEN (1938)). Broad 
absorptions except He 1 3820) were very faint or absent, showing nearly complete 
veiling of the photosphere in the longer wavelengths. Magnitude observations 
(HuFFER, 1938; RIGOLLET and ORIANO, 1938: CHERRINGTON, 1938; AMER. ASSOC. 
Var. STAR. Oss., 1937-42) showed that the star reached a maximum luminosity at 
this stage. Gradient measures (GREENWICH, 1932: VANDEKERKHOVE, 1937, 1939, 
1947: GREAVES and Martin, 1938: Epwarps, 1943: BARBIER and CHALONGE, 
1941; HitTNER, 1941) showed that the colour temperature reached a minimum with 
the very low value of 8500°. This stage, which reached greatest intensity in 
September, 1937, was followed, as in 1935, by the formation of a new shell, which 
was also far more intense than in 1935-6. First, the V and R components again 
separated in 1938; emission weakened, and broad absorptions became stronger and 
wider. The luminosity and VR, which had been falling rapidly, both developed 
strong secondary maximum about June, 1938, and then fell rapidly again. The 
colour temperature, which had been rising rapidly, showed a very slight fall 
flat minimum at this time, followed by a further rise. 

The development of the new shell was heralded, as before, by the sharp He 1 
absorption at 3889, which appeared in April, 1939. By the end of the year the shell 
spectrum was strongly developed, and the broad absorptions were stronger and 
wider than at any previous period, showing the great transparency of the shell. 
Emission lines had disappeared except for the earlier Balmer lines. The constitution 
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of the shell, which reached a maximum in January, 1940, differed from the earlier 
one in that the strongest and most numerous lines apart from H and He 1 were due 
to Fe 1m (identified by Srruve and Extvey (1940)). No Fe 1 was present, nor was 
Mg it or Sit. The fading of the shell was slower than in 1936 and more irregular, 
giving rise to changes during 1940 which, though small in comparison with earlier 
changes, were very noticeable and sometimes very rapid. For example, on 6th 
September the shell lines which, though fluctuating, had been very prominent, all 
disappeared with the exception of 3889. The central H-absorptions reappeared on 
the 9th and some of the Het lines by the 21st. Frequent fluctuations of this type 
were observed and 3889 (the last shell line to go) disappeared about the end of the 
year, after which there was a slight increase of emission in H and Her. Some inter- 
esting changes in the H-emission lines began on 21st October, 1940, when a new pair 
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Fig. 1. A selection of typical spectra of Gamma Cassiopeia taken at the 

Norman Lockyer Observatory at Sidmouth 
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of components appeared, lying outside the original pair. They were faint and very 
narrow, with a very wide separation, and were visible down to H,, or H,. They 
persisted for some months, with varying intensity and | R, while the original (inner) 
pair appeared to merge into a single line and gradually faded out by June, 1942. 


After this date no striking changes have occurred, though minor fluctuations have 


been observed in magnitude, gradient and emission-line intensity. The latter are 


now confined to the first few Balmer lines—and apart from these the star shows a 
t\ pical rotationally broadened absorption spectrum. 
Fig. | shows a selection of spectra taken at Sidmouth illustrating some of the 


main features described Fig. 2 shows the changes in the principal variables 


34 935 936 937 


{ 


f the principal characteristics o 
during the interval 1929-42 
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from 1929 to 1942 collected together to illustrate their mutual relations. The 
magnitude curve is based on photoelectric observations by HuFFER (1938) and on 
visual magnitudes by the various observers mentioned above. In the gradient curve 
the Sidmouth observations have been greatly augmented by the Greenwich and the 
other mentioned data. The remaining curves are based entirely on measurements 
by the author of Sidmouth negatives. 


3. DISCUSSION 


The curves show ata glance the sequence ot changes ot each of the principal quan 

tities and the relations between them at any given time. The light curve, emission 
intensity, gradient, and (inversely) H-width curves show considerable general 
parallelism, though details differ and the correlation is not always maintained. At 
the maximum phase of the main outburst in 1937 the brightness had risen very 
considerably, as had the emission and the gradient, while the broad absorption had 
almost disappeared. It is interesting to note that at this stage the bright lines were 
very narrow, and if this indicates very low rotational velocity the cloud or extended 
atmosphere, which emitted these lines and obscured the normal photosphere, must 
have been at a great distance from the latter owing to the conservation of angular 
momentum. The observed gradient can scarcely represent the true temperature 
since the line spectrum at 8500 would not agree with that observed. This reddening 
may be due to an overlying of the general spectrum by the recombination emission 
continuum beyond the Paschen series head, which would intensify the red more than 
the blue. A re-examination of the Sidmouth gradient measures by BARBER and the 
author shows that as the measured colour-temperature rose in 1938—9 the cause was 
a decrease in red intensity, not an increase of blue as would be required in a real 
temperature rise, and this is in accord with the above suggestion. Further support 
comes from BARBIER and CHALONGE (1941), who, from gradient measures at different 
wavelengths, found that the reddening increased with wavelength. 

As the above emission cloud dispersed, revealing both an absorption shell (appar 
ently at a lower level, since V and & had separated and showed greater rotational 
velocity) and the normal photospheric spectrum, the gradient dropped and the star 
became much bluer than it had ever been, with colour-temperatures of about 
30,000°, This must represent more than a mere clearing away of the reddening 
mechanism, whatever that may have been: while if it represented a real increase 
in the normal photospheric temperature (as an after-effect of the outburst) the 
luminosity should also have increased, whereas it actually dropped considerably 
below its normal value. Since 1942 small fluctuations have been observed in 
luminosity, Balmer emission intensity and gradient, but all remained well below their 
pre-outburst values except the gradient, which just regained its “‘normal”’ value 
in 1952. 

The V/R changes are not easily explained by the previously mentioned rotating 


and pulsating shell, especially when the other factors are taken into consideration. 


An alternative (or additional) explanation might lie in partial eclipses of the shell by 
the atmosphere of a companion star in orbital revolution, but radial velocity measures 
do not appear to support this. Struve’s suggestion (in other connections) of localized 
areas of turbulence or eruption may also be of value in interpreting these and other 
features. 

Many Be stars show a regular periodicity in some of their spectrum changes, and 
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several attempts have been made to find regularities of this tvpe in Gamma Cassi- 
opeiae, but mostly without success except over limited time intervals. The V/R 


changes show the nearest approach to periodicity (ignoring the large amplitude 
changes), but the period does not seem to be maintained regularly. The author’s 
VR curve during most of the recent large outbursts can be represented closely 


> 


by combining two curves with periods of about 3 and 1-3 years and different 


plitudes, but this does not persist and is probably a chance relation. 
\ttempts have been made to suggest models for Gamma Cassiopeiae (BALDWIN, 
4 4 BARBLER, 1948) based on some of the factors described, but a number 


ts rel ns to be cleared up, and work on this star, as well as other Be stars, 


s st eing continued. A solution of the problems involved may have interesting 
os he theory of stellar constitution and evolution. 
orn 
\y Ass Var. Srar. OBS 1937-42 Ann. Harvard Coll. Obs., 107-110. 
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SUMMARY 


Typical novae have four systems of absorption lines. In chronological order of appearance, as well as 
of increasing displacement, these are: (1) pre-maximum; (2) principal; (3) diffuse enhanced; (4) Orion 
The principal system lies on the short wavelength edges of a strong set of wide, undisplaced emission 
lines. Structures appear early in the emission and can be correlated with local knots in the expanding 
nebulae years later. Diffuse enhanced and Orion lines also have associated, but more vague, emission. 
Secondary variations of light are correlated with spectral changes. With are-brightening, the spectrum 
reverts to a stage already passed. Variations of line displacements accompany these changes. For 


Orion lines the oscillations are considered real, and due to variable speed of ejection. In the diffuse 
enhanced system, apparent oscillations are due mainly to variable strength of blended, multiple lines 
Critical examination fails to confirm supposed rapid gravitational retardation of gases. 

Recurrent novae form a special problem. Some, at least, fail to fit the typical pattern. Old novae, 
and probably pre-nova stars as well, are hot subdwarfs 


|. INTRODUCTION: VARIATION OF LIGHT 
[r is a little more than sixty years since the first photographs were obtained of the 
spectrum of a nova. Since that date, approximately 100 novae have been discovered, 
and for about half of these, at least one spectrogram has been obtained. The record 
can be called extensive for fifteen stars. This material appears sufficient to justify 
attempts at generalization on such matters as the typical course of development 
and relationships between the light variations and spectral changes. 

The rate of brightening is unknown in a majority of novae. All positive observa- 
tions agree in showing a rise from minimum to within a few magnitudes of maximum 
in only two or three days, except for such ultra-slow objects as FU Orionis. After 
this initial rise, differences in rate of change are evident. The fast novae reach 
maximum in another day or so; the slow require several days to several weeks. 
The subsequent decline is slower than the rise, save for occasional sudden fading 
associated with irregular fluctuations. Such irregularities during the first week or 
two of the decline are rare in fast novae, but are almost (though not quite) universal 
among slow novae. Durations of decline through three magnitudes range from two 
weeks for fast novae to a few months for slow ones. After the star has faded about 
four magnitudes, there is commonly a more or less prominent minimum of light, 
followed by a recovery. Alternatively, this feature may take the form of a marked 
decrease of slope or constancy of the light curve. In the Nova Herculis type the 
minimum is several magnitudes in depth. A few of the fast novae in this “‘transition” 
stage undergo sub-periodic fluctuations with cycles several days in length. At six 
or seven magnitudes below maximum, the oscillations cease, and the remainder of 
the decline is uneventful. 


2. EARLY STAGES OF NoOvA SPECTRA 


The spectroscopic record is now sufficiently extensive to warrant the belief that 
the spectra of only two major stages remain unknown. These are the quiescent 
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pre-nova star and the rapidly brightening nova in its early phase. The equal lumi- 
nosity of pre- and post-nova stars, combined with the similarity of recurrent and 
typical novae at minimum, even furnish good ground for belief that we do know 
something of the pre-outburst stage, but this view is not unassailable. The only 
extant record of a pre-nova spectrum, that of Nova Aquilae 1918, is faint and difficult 
of interpretation (CANNON, 1920). 

The earliest spectroscopically recorded stage is about two magnitudes below 
maximum on the rise. Several stars have been caught at this time—Nova Herculis 
probably earliest. Three had absorption spectra of class B, and Nova Herculis was 
remarkable for its strong emission lines (STRATTON, 1936b, p. 133) in contrast to their 
weakness in other stars. Nearly all novae for which the record is adequate have 
changed towards “‘later” spectral type as maximum was approached. Nova Herculis 
cha ged from B to F: several have changed from early to late class A or early KF, 
But especially remarkable is the absolute intensification of absorption, quite apart 
from relative changes associated with spectral class. Apparently we witness a 
transformation of the atmosphere from one of ordinary extent to one like that of a 
supergiant star. The “photosphere’ is simply an optical level in the growing cloud, 
and the growth of this “surface” is much less rapid than the observed velocities of 
absorbing atoms would indicate (BEER, 1937). Material continually emerges from 
sub-photospheric to super-photospheric levels as the cloud expands, and the depth 
ot the absorbing atmosphere therefore increases steadily 

The typical sequence of events in a nova spectrum is now so well known that we 
need not deseribe it in oreat detail. Fig. 1 illustrates several stages of Nova DK 
Lacertae 1950. At maximum light the “*pre-maximum” absorption spectrum is still 
dominant. It resembles that of a supergiant star. such as x ( ven or e Aurigae, and 
it is more or less strongly displaced towards shorter wavelengths. Emission is 
rarely present and never strong. Very soon after maximum (usually before the star 
has faded more than 0-5 magnitude) the pre-maximum spectrum is replaced by a 
quite similar one, the “principal spectrum”. Its shift towards the violet considerably 
exceeds that of its predecessor. Where adequate observations are closely spaced, as 
in RR Pictoris 1925 (JONES, 1931, p. 35) and in DQ Herculis 1934 (MERRILL, 1935: 
STRATTON, 1936b, p. 148), the two spectra have been observed simultaneously for a 
day or two. The new spectrum emerges as the old one fades, but the similarity is so 
close that, if we lacked observations at the crucial stage. we might conclude that a 
single set of lines had abruptly shifted position. With the emergence of the principal 
absorption, bright bands develop. The strongest are due to hydrogen, Ca 1, and 
Fe tr. Their centres are approximately undisplaced, and the absorption lines lie 
upon their shortward edges. This structure points to an ejection of matter that 
roughly approximates spherical symmetry, though the later development of the 


bands reveals conspicuous irregularities of density. 


> 


3. INTERMEDIATE STAGES 

In following stages, two more absorption systems commonly become conspicuous. 
These have been called the “diffuse enhanced” and “Orion” spectra. The former is 
at its strongest about two magnitudes below maximum. It consists of strong and 
diffuse lines of hydrogen, Ca 1m, Fe m1, and usually Ot and Nat; in some slow novae 
it has contained lines of Ti 1 and Cr 11 as well. Its velocity is roughly double that of 
the principal spectrum. The Orion system reaches greatest strength somewhat 
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Hei, Ou, and Nu. Hydrogen appears to be a rather variable constituent and was 
probably absent in a few cases, notably in Nova Herculis. The velocity is usually 

ose to that of the diffuse enhanced absorption, but slightly greater numerically. 
Occasionally it is much greater; rarely it is less. 

{mission is associated with both diffuse enhanced and Orion absorptions. The 
‘entres of the widened bright lines are essentially undisplaced, with the absorption 
ving at the shortward edges. The diffuse enhanced emission has moderately well 
defined edges, but the “Orion” is commonly very hazy. Both lack internal structure 
und seem to be produced in material that is ejected nearly equally in all directions, 
probably with a considerable spread of velocities. 

As the lines of the diffuse enhanced absorption weaken. they separate into several 


narrow lines, and even near the time of maximum strength some suggestion of resolu 


tion may be visible. The Orion absorption, on the other hand, is single but its lines 
are usually diffuse. As the lines of He 1, N 11, and O 1 fade, absorption lines of N 11 
become strong near Hd and a broad hazy emission of N 11 strengthens at 4640", A 


few novae have had vague absorption attributed to N v. which appeared as the N 1 


lines faded in their turn. 


$4. NEBULAR AND LATER STAGES 

The changes just described show a sequence of increasing excitation as the nova 
fades. The principal emission spectrum exhibits a similar trend. Her, Cu, and Ni 
lines emerge, followed later by N ur and He tu. The resemblance of their structures 
to those of the hydrogen lines identifies them surely is members of the principal 
emission. By the time the star has declined five m vnitudes, the nebular lines of 
QO 111) have become conspicuous and all absorption systems have disappeared. The 
remaining emission spectrum resembles that of a planetary nebula, except for the 
widths of the lines. 

Some of the nebulae that have been seen to expand about novae have been 
observed spectroscopically. Always their spectroscopic cross-sections show Doppler 
ellipses or fragments thereof, whose widths along the dispersion identify them with 
the principal spectrum and no other. In Nova Aquilae 1918 (W. BAADE, personal 
communication: see VAN DE Hutst, 1951) and Nova Persei 1901 (STRATTON, 
1936a), certain knots in the nebulae could be correlated with maxima that appeared 


in the emission bands within less than a week after light maximum and persisted 
thereafter with only minor changes of position (PEARSON, 1936). Such continuity 
of structure seems to be the rule. Its early appearance and its persistence can only 
mean that the principal shell was ejected violently and within a short interval 
possibly within a few hours. 

During the few years that follow the emergence of the nebular lines, the emission 
spectrum of the shell fades more rapidly than the central star, until only the stellar 
spectrum can be recorded at all. In this stage the star, still one or two magnitudes 
above minimum, has a continuous spectrum with great extent in the violet and 
usually with superimposed bright lines of hydrogen and He 11 several Angstroms 
wide. As Nova Aquilae 1918 faded through the last two magnitudes, its hydrogen 
lines strengthened relatively to He 1, suggesting that the end of the decline was 
accompanied by a lowering of temperature. Some novae have bright lines for 
many vears after reaching minimum, while others have purely continuous spectra 


less than three magnitudes below maximum. Its most conspicuous lines are those of 


DEAN B. McLAUGHLIN 1481 


(HUMASON, 1938). Possibly all eventually lose their bright lines, but if so, the process 
must take decades in some cases. It is probably no mere coincidence that Nova 
Persei 1901, whose bright lines outshone those of other known old novae, is the most 


outstanding example of continued variation. 


5. STRUCTURE OF NOVA SHELLS 

The evidence for the association of the principal spectrum with the main ejected 
cloud is fairly direct. The locations of origin of the diffuse enhanced and Orion 
spectra have to be inferred from evidence of a more circumstantial character. 
Nearness to or remoteness from the star may be judged from response to light 
variations, by relative level of excitation, and by evidence of dilution of radiation 
Position inside or outside of any emitting or absorbing layer may be indicated by 
superposition of spectral features. Thus, both principal and diffuse enhanced absorp 
tion cut hazy N mt and other Orion emissions, but principal emission maxima filled 
in the shifting N 1 absorption lines of Nova Aquilae 1918 (Wysk, 1939 p. L117 

Some lines of Titt in the diffuse enhanced system of Nova Herculis were obliterated by 
principal emission of Fe 11. The ready response of the Orion spectrum to light varia 

tions of the star is well known. The conclusions are (MCLAUGHLIN, 1947b 1) the 
diffuse enhanced spectrum originates inside the principal shell; (2) the Orion spe 


trum is produced close about the star, after the clouds responsible for the diffuse 


‘ei enhanced spectrum have detached themselves. The multiplicity of the latte: 


6 suggests a number of discrete clouds moving outward with different velocities to 


overtake the principal shell. 

The foregoing discussion has been kept fairly general. Individual novae depart 
more or less from the standard pattern. Some have had only relatively inconspicuous 
diffuse enhanced spectra (Nova Persei 1901), and in some the Orion spectrum has 


been extremely weak, if not absent (Nova CP Puppis 1942). In general, these two 


“secondary spectra are strongest in the slow novae. Their intensities may be 
measure of the ejection that continues after the “‘main burst’, and perhaps it ts 
simply this continuing activity that sustains the brightness of the star for so long 
a time. 


6. Cyctic VARIATIONS OF SPECTRA 


The most interesting of all deviations from the regular course are those connected 
with secondary fluctuations. In all cases the long-term trend conforms to the 
standard pattern, while the fluctuations are expressed by what may appropriately 


be called “Srratron’s Rule’. This has been stated by its author as follows 


.& Maximum corresponds to a spectrum which is normal at an earlier stage 
of the star's history .) (STRATTON, 1920 
when the star brightens its spectrum returns to that of an earlier and 
brighter stage, the spectrum being in fact a simple function of the magnitude 


(STRATTON, 1928.) See also STRATTON (1936e 


This rule has been abundantly confirmed by observations of a number of novae 


The only known conspicuous exceptions have been associated with the deep minima 


and recovery in the transition stage of stars of the Nova Herculis type. 
Nova Geminorum 1912, RR Pictoris 1925, and V356 Aquilae 1936, to name a few 
good examples, had correlated fluctuations of magnitude, spectrum, and velocities 
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of absorption systems in the early post-maximum stages. A secondary minimum in 
the very early decline may be accompanied by strong emergence of the diffuse 
enhanced spectrum which will weaken again as the star recovers. Farther down the 
decline, a fading of the star may be correlated with weakening of the diffuse enhanced 
and emergence of a strong Orion spectrum, <A re-brightening will then resuscitate the 
diffuse enhanced and erase the Orion lines. Still later both systems may be weak at 
a secondary minimum and both may be strengthened at a subsequent maximum. 

Fluctuations during the transition stage, such as those of Nova Aquilae 1918, 
Nova Persei 1901 and Nova Geminorum 1912 involve the appearance of nebular 
emissions at light minima and their disappearance at maxima, as well as “nitrogen 
flaring’ at the maxima. 

In the oscillations, both absorption and emission change in a way that indicates 
higher excitation at light minima and lowest at the maxima. The few available 
measures of energy distribution in the continuum yield highest colour temperatures 
at the minima (BEILEKE and HACHENBERG, 1935). These correlations become 
understandable if we regard the maxima as secondary outbursts, in which newly 
ejected material forms an effect ively larger but cooler “photosphere” about the star. 
In this cloud most of the high frequency radiation is absorbed, leaving little for 
excitation of the outer gases. The emission spectrum of the principal shell, coming 
is it does from the outermost Vas, is particularly susceptible to these effects. Such 
changes were illustrated beautifully by Nova Geminorum 1912, in which He 1 
emission was strong at the minima, but was outshone by Nat at the maxima. In 
the novae that showed nitrogen flaring, the “46407 region was occupied during light 
minima by detinite bands due to Num and Hew that had the structure of the 
principal emission. These were obliterated at the maxima when Nt flared (WRIGHT, 
1926). The re-appearance of the same structure at following minima rules out mecha 
nical destruction of the source of the principal bands. The variation must have been 
an excitation effect. It is attributed to extinction of high-frequency radiation in the 
newly ejected clouds at times of light maxima. 

When the variations are fairly regular, we may question whether the correlation 
is influenced by relaxation time. A lag of halfa period would mean that the star was 


hottest at the maxima. However. 


t 1s unlikely that the densities could be so low as 
to introduce a lag of some days. An observational decision was rendered by Nova 
Geminorum 1912, whose secondary variations were rather irregular. The coincidence 
of low excitation with the maxima was faithfully adhered to. It must be concluded 


that relaxation times were short compared with the length of a cycle. 


7. RapDIAL VELOCITIES OF ABSORPTION SYSTEMS 


The velocities of all absorption systems are somewhat variable. Too little is- known 
of the pre-maximum spectrum to permit generalization. In Nova Herculis its 
velocity decreased (numerically) from more than 1000 km per see (with enormous 
systematic differences between lines) to about 175 km per sec (STRATTON, 1936b, 
p. 133). Nearly all the principal spectra that have been observed over an interval of 
weeks have shown a tendency to increase in velocity. The acceleration was very small 
in Nova Geminorum 1912, but in Nova Lacertae 1936 the velocity changed from 

1300 to 2500 km per sec in two weeks. 

Oscillations of the Orion lines are usually related to changes of magnitude. At 


light minima the displacements are (numerically) greatest ; they are least somewhat 
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before the maxima. The N it lines, survivors of the Orion system, displayed these 
changes to a spectacular degree in Nova Aquilae 1918 (Wyse, 1939, p. 115). But in 
some stars, notably Nova CP Lacertae 1936 and V528 Aquilae 1945, large oscilla 
tions of Orion lines have occurred without distinct fluctuations of light. 

The diffuse enhanced absorption lines in slow novae behave in a complicated 
manner. Often the relationship of velocity of the broad blend to magnitude of the 
star is similar to that of the Orion lines. Critical examination shows that these 
apparent variations of velocity may plausibly be attributed to changes of strength of 
components of the blend. This was certainly true in some novae, especially in 
RR Pictoris 1925 (JONES, 1931, p. 19). We must be on our guard against inter 
preting variations of measured position too literally in terms of acceleration o1 
deceleration of discrete bodies of gas. 

Only of the principal spectrum can we say with some confidence that we deal with 
a discrete cloud that retains its identity for a large fraction of the nova’s history. 
This conclusion is just ified by the observations of the oTOWING nebulosity . The increase 
of velocity of the principal absorption is most reasonably interpreted as an actual 
acceleration. The hypothesis of a discrete expanding shell finds remarkable confirma 
tion in the concentration of atoms in metastable states as the incident stellar radia 
tion becomes more and more dilute at great distances from the star (STRUVE, 1939 

The oscillations of the Orion lines cannot be seriously regarded as a result of 
acceleration and deceleration of a discrete cloud. Rather, at different times the 
atoms that are streaming through the region where Orion lines originate are moving 
with different speeds. The apparent continuity of the Orion spectrum must be 
viewed as an example of P Cygni-like ejection and renewal. 

Variations of velocity of diffuse enhanced lines have been discussed already. When 
components are well resolved they have nearly constant or only slowly changing 
velocities. One or two marked exceptions have been observed ; for example, a single 
component in RR Pictoris (JONES, 1931, p. 19) shifted rapidly towards smaller 
displacement, while others remained nearly fixed. This behaviour is tentatively con 
sidered as an example of retardation by another shell of gas—in this specific case the 
principal shell. 

There is no known example of a demonstrable large gravitational deceleration of an 
absorption component of the principal, diffuse enhanced, or Orion systems. Some 
supposed cases of this sort clearly arose from blends or variable ejection speeds, and 
most others can reasonably be presumed to have been so produced. None of the 
supposed oravitational decelerations survive critical examination, and we must 
regard with suspicion any calculations based upon them, particularly when they lead 
to stellar masses that can only be described by the adjective “fantastic”. 

The material ejected in the principal shell is forever lost to the star. It leaves with 
a velocity well above that of escape (from a star of normal mass). But it may be quite 
otherwise with some of the later eruptions that occur during the transition stage. 
At times, when the violently ejected clouds have cleared, we have had fleeting 
spectroscopic glimpses of the inner star, from which some gases—notably He 1 
emerge with less than the escape velocity. This gas is evidently slowed to zero velocity, 


for subsequent brightening has momentarily silhouetted the stationary gases and 


revealed their presence by undisplaced absorption at 44686 Het. This occurred 
several times in Nova Geminorum 1912 (WriGcHT, 1926), perhaps in Nova Persei 


1901, and certainly once in T Coronae Borealis (MCLAUGHLIN, 1947a). 
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When we consider all novae for which reliable data exist, rather definite relations 
are found between rate of decline of light, velocity of the principal spectrum, and 


rate of passage through spectral stages. The following expressions were derived 


empirically (MCLAUGHLIN, 1937, 1940): 


log | 3°19 O54 logy, / 


=10 ) \ 


log | = yA 0-50 log,, t 


=10 LL: 


where | is the velocity in kilometres per second, be the duration of a given spectro 
scopic change (in an arbitrary unit), and ¢, the duration of three magnitudes’ decline, 
in the same arbitrary unit. To sufficient accuracy, it can be said that the duration of 
a given change of magnitude or spectrum varies inversely as the square of the 
velocity {mong “non-recurrent’ stars only Nova Cygni 1920 and CP Puppis 
1942 departed conspicuously from the second equation but not from the first. For 
these two stars the light variations ran their course more rapidly than the formula 


would indicate. 


8. RECURRENT NOVAE AND OTHER PROBLEMS 


Recurrent novae are exceptional in many Ways. Both T Coronae Borealis and 
RS Ophiuchi utterly failed to conform to the pattern of absorption systems that 


characterizes typical novae. In T CrB (HERBIG and NEUBAUER, 1946) vague absorp 


<1 


tion bordered the violet edges of hazy emission for a few days, but both absorption 
ind vague emission wings disappeared early. Strong narrow emission lines remained 1 
it the positions of the band centres. They were flanked on their shortward sides by 
the most persistent absorption lines, which emerged to view in that position as if 
they had been simply unveiled. RS Ophiuchi had no appreciable absorption on the 
band edges. but had instead a sharp absorption of small displacement nearly central 
he bands, in addition to a vague absorption that depressed the entire short ward 
half of the hazy emission (ADAMS and Joy, 1933; Watson and WILLIAMS, 1934). 
Both of these stars exhibited much higher excitation than typical novae. This was 
attested by the great strength of the coronal lines of | Fe x| and [Fe x1 

Although both showed nebular lines. neither developed a strong “nebular stage’. 
The fragmentary record of T Pyxidis, on the other hand, closely resembled the 
spectrum of a typical nova, both near maximum (ADAMS and Joy, 1920) and in the 
nebular stage (Joy, 1945). In view of the differences, we should be circumspect 
ibout attributing to novae in general the characteristics of known recurrent objects. 
T Pyxidis stands alone in support of the hypothesis of close similarity. 

Old novae and, we are inclined to believe, the pre-nova stars also, are bodies of 
small dimensions and high photospheric temperatures HUMASON, 1938). Calculated 
radii are 0-1—0-2 ©. absolute magnitudes 3 to 7, and densities probably of order 
100-1000 @. On all counts they fall between the main sequence and the white dwarts. 
and it is at least permissible to speculate that they are in process of evolution from 
the former to the latter. 

What the mechanism of this evolution may be and, specifically, the immediate 
cause of an outburst, are the very foremost of the unsolved problems of these 
stars. The amount of matter lost in an eruption is a minute fraction of a solar 
mass (PAYNE-GAPOSCHKIN, 1942), but if all novae recur the loss would be important 


after several hundred outbursts. BIERMANN’s hypothesis (1939) of a brief change 


over from radiative to convective equilibrium may be a step in the right direction, 
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The future progress of the theory of stellar interiors, rather than presently con 
ceivable observational studies, will aid in the answering of this question. 

Numerous problems remain in the interpretation of the changing spectra of the 
outer gases. To what extent is excitation determined by radiation from the star, as 
opposed to collisions that occur when one shell overtakes another’? At best, any 
answer would be only tentative in the present state of knowledge. Spectrophotometry 
is urgently needed, and the more clearly it can be referred to “absolute” standards 
(such as bright stars with well-determined energy distribution) the more useful it 
will be for elucidating physical processes. But we still need data of a more prosaic 
or “old-fashioned” type. It is very doubtful that we shall ever begin to understand 
what goes on in the erupted material unless we can identify, partly through radial 
velocity studies, the progress of clouds of gas and especially of shock waves moving 
through them. 

We have only scratched the surface of the nova problem, but perhaps the time is 


near when we can begin to see beyond the phenomena to the physical reality. 
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The Mechanisms of Ejection of Matter from Novae 


E. R. Musten 


I! va Astrofysicheskaya Observatoriva, Akademii Nauk, S.S.S.R 
pal envelope from the main body of a nova are discussed: 
tial moment of the outburst of the star b) the principal 
ight-maximum 1n ¢ ery extended reversing lavet It is 
. ts with great dithculties of a spectros opl haracter, while the 
es and fully explains the transformation of the pre-maximum 
s case, however, we obtain very large masses of novae 
sa result of certain forces acting inside the nova for example, 
s p s these masses ma pe real arge, aS SANFORD’S observa 
R | , } ’ lif ilt n this latter case is the absence of a large relativity shift 
| ides with a discussion of the ntinuous ejection of matter 
ohit his elect } R bserved in the tor f diffuse-enhanced and 
) 
. f yy > > ry > 
HE MECHANISM OF EJECTION OF THE PRINCIPAL ENVELOPE 
r t interesting feature of novae is their ejection of matter. The of 
Hy ~ nteresting feature of novae Is their ejection of matter. ie nature oO 
Sue} mn evectiol is ditterent in each stage ot the development ot a hnova. 


It has not yet been possible to observe the initial moment of the outburst of a 
Seven novae. however, were “caught” previous to their light maximum, when 


in expansion of the photosphere and reversing layer of the star were taking place. 


\. Beer (1937) found that previous to light maximum the reversing laver of Nova 
Her 1934 was extremely extended. The present author studied available spectroscopic 
| photometric data (MustTeL, 1945) and arrived at the conclusion that shortly 
before light maximum the radius of the reversing laver for all the seven novae was 
several times greater than the photospheric radius Furthermore, an analysis of 
the spectroscopic data (MusTeL, 1945) and computations (MusTEL, 1946) of » 
showed that shortly before light maximum the velocity of the reversing layer (given 
ipproximately by the displacement of absorption lines (MusTeL, 1945)) and the 
photospheric velocity / Ar, At are oft the same ordet the velocity oradient in 
he outet envelope Ol the expanding star is therefore not large fo the above-mentioned 


1 of time 


perl 
The existence of a light maximum might be explained on the basis of two different 


1\ pe 1 heses 


|) Hypothesis A. Here the envelope, originally of a very large optical depth 
> 1. is ejected from the star at the moment of its outburst. During the following 
expansion of the envelope its 7-value diminishes, and for 7 ~ | the star reaches its 
light maximum (AMBARTSUMIAN, MUSTEL, SEVERNY, SOBOLEV, 1952). After that 
the brightness of the star begins to decrease. This hypothesis, however, and its 


modifications (for example a “main outburst” followed by continuous expulsion of 


matter at a steadily decreasing rate (MCLAUGHLIN, 1943)) meets with a large number 
of difficulties (MustTen. 1945. 1949a, 1949b). 
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The most important are the following: (a) this hypothesis cannot explain the 
replacement of the pre-maximum spectrum of the novae by the principal spectrum 
observed immediately after maximum. This replacement was established in a 
general form by McLAUGHLIN (1943, 1944), and was recorded for each of the seven 
novae observed previous to their light maximum. It ought to be considered as one 
of the most fundamental laws in the spectroscopic development of every nova 
(6) according to hypothesis A we have + | just after light maximum in the visual 
and photographic parts of the spectrum, Beyond the limit of the Balmer series 


(where the absorption coefficient is greater) such inequality takes place much later, 


and for some time after maximum the inequality 7 | must be realized. Therefore, 
just after light maximum a very pronounced discontinuity in the intensity of radia 
tion at the limit of the Balmer series must be observed: /(/7 3647) [(} 3647 
Nevertheless, observations record no discontinuity in this case (references and 


description are given in MustTen, 1945), 


(2) Hypothesis B. In this case the light maximum is connected with an expansion 
and subsequent contraction of the photosphere (see Fig. 1). The contraction of the 
hova is caused by sravitational forces (or by other forces, see below ), and is due to 
the termination of the mechanism, evidently of an explosive nature, which operated 
up to this time. According to this hypothesis, the detachment of the principal 
envelope occurs inside the extended reversing layer of the nova. This hypothesis 
explains (MustreL, 1948a) the replacement of the pre-maximum spectrum by the 
principal spectrum, whereas all the other mechanisms proposed by several authors 
(especially the mechanisms connected with the A-hypothesis) meet with very great 
difficulties (MuSsTEL, 1949a). 
2. THe TRANSFORMATION OF THE PRE-MAXIMUM SPECTRUM INTO THE 
PRINCIPAL SPECTRUM 

The transformation of the pre-maximum spectrum into the principal spectrum 
may be understood from Fig. | and Fig. 2. 

The line aQCa in Fig. 1 indicates the photosphere. Previous to the light maximum 
(moment t,) the velocity oradient inside the reversing layer is not great (see above); 
the selective radiation pressure upon the atoms at the point O is, therefore, relatively 
small and is proportional to the value | F,0,dy, where 7F, is the net flux and oa, the 
absorption coefficient inside the line. Just after the light maximum there begins a 
contraction of the photosphere and of the parts of the reversing layer lying immediately 
above the photosphere. Thus a very large velocity oradient is produced between the 
photosphere and the point O’, as a result of which the optical depth 7 of the reversing 
layer along CO’. determined by the value o,. becomes less than unity. Thus the 
atoms at the point O’ now experience the radiation pressure determined by the 
photospheric value |G,a,dr, where G F,. The selective radiation pressure upon 
the atoms in the inner parts of the outer envelope with small grad v is thus suddenly 
and greatly increased. The further course of events is shown in Fig. 2 

The photospheric flux 7G, acts only upon the innermost parts of the outer envelope 
(the latter is opaque in line-frequencies) and these parts begin an accelerated out 
ward movement. Thus a new shell is formed, called the p-layer, the mass of which 


grows at the expense of that of the remaining parts of the outer envelope (remnants 


of the reversing layer). These latter we shall call the «-layer. 


~ ft interest to note Mi STEI 1944 194Sa) that very soon 7 will differ notice 


rbiv Trom ? Hence the -1aVvel will not screen the photospheric radiation absorbed 
n line frequencies by the inne! parts ol the x laver. The transfer of atoms from the 
the p-lavet thus proceeds during the time of the x ) transformation 


he influence of the photospheric radiation 
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The pre-maximum spectrum (with decreasing intensity) corresponds to the z-layer, 
the principal spectrum (with growing intensity) to the /-layer. When the p-layer 
reaches the oute parts ot the x laver, the latter and hence the pre maximum spec 
trum vanish and the completely detached principal envelope is formed. Later on it is 


observed in the form of a bright nebulosity. The principal envelope forms the 


principal spectrum. This mechanism not only explains the replacement of the 
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pre-maximum spectrum by the principal spectrum, but it also explains all the 
specific observational features of this process (MusTEL, 1948a). 

It should be borne in mind that the expansion-velocity of the nebulosity (which 
is determined later from the half-width of the emission lines) corresponds to the 
displacement of the principal spectrum (see especially Nova Pie 1925 and Nova Hei 


1934). According to the spectroscopic data it is therefore clear that the formation of 


the principal envelope (nebulosity) occurs after light maximum. And because we can 


visualize even the “birth” itself of the principal envelope, this must necessarily 


originate in the reversing layer (transparent for the frequencies of the continuous 
spectrum). This fact presents an extreme difficulty in hypothesis 4. 


3. On THE Masses or NOVAE 


If the eX MANSION ot each hnhova is actually rroceeding 1h) accordance with hypo 
| | ut 


thesis /, we may estimate the minimum masses of the novae. For the photosphere 


of the nova remaining with the star, the velocity v. must be less than parabolic 
(From the analysis (MusTeL, 1945, 1949b) it follows that the possible difference 
between the velocity ot eX pansion of the ipparent photospheric level 2 ind the 
velocity of matter cannot, in this case appreciably change the estimates « 
mass. ) 

Thus, unexpectedly, we obtain large masses (MusTEL, 1949b), reaching up to 1710 
M_ inthe case of Nova Aql 1918. Large “masses” also result from a detailed critical 
discussion of the negative accelerations which were characteristic for some absorptio1 
systems In the spectra of certain novae (MUSTEL, 1947c¢, 1948b). 

There are two explanations of these conclusions: (4) we may admit that during the 
expansion of the nova certain forces of a non-gravitational character (and directed 
towards the centre of the star) are acting in the expanding envelope; these may be 
for instance, forces of electromagnetic nature, similar to the forces acting in surge 

prominences. () The masses of the novae are really large. In this case a serious 
difficulty arises: emission lines in the spectra of ‘“*post-novae’ do not show the large 
gravitational red-shift expected in these cases*, although certain large positive shifts 
are observed in the spectra ot ‘post novae”’ (MCLAUGHLIN, 1953). There are some 
very interesting observations, however, which might serve as an indication in favour 
of large masses of novae. SANFORD (1949) discovered that the absorption lines of the 
oM3 component of T CrB showed orbital shifts with a periodicity of 230-5 days and 
a semi-amplitude of 21 km per sec., while, on the other hand, emission lines in the 
spectrum of the nova itself did not show any periodic variation. This case, unique in 
stellar spectroscopy, may be most naturally explained by introducing a large mass 
for this recurrent nova, which must be much greater than the mass of its satellite. 

Finally, large masses of novae might explain the recurrence of bursts of the novae 
and recurrent novae (KUKARKIN and PARENAGO, 1934). It would be difficult to 
find other explanations of this (MusTEL, 1950a). 

The most desirable and important observational work connected with the problem 
of large masses is therefore: (1) detailed study of the spectra of “‘post-novae 


») 


1a 


) detailed study of the spectrum of T CrB and of similar cases. 
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the ejection of the principal envelope, a new ejection of matter begins, but 


now mainly in the form of separate small gaseous condensations and atoms. This 
ejection, according to McLAauGHLIn (1943, 1944) and the author (MUSTEL, 1947a, 


19475 corresponds to the diffuse-enhanced and Orion spectra. The source of “Ori mn 
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matter in the star is considerably deeper than that of matter forming the diffuse 
enl unced spectrum. The author's computations (see the above references) show that 
tol 


toms forming the diffuse-enhanced spectrum the radiation pressure must play an 
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itial role, whereas the mechanism governing the formation of the Orion spectrum 


viously similar to the mechanism of prominence activity (electromagnetic 


o the diffuse-enhanced and the Orion spectra overtake 


Atoms constitutin 


principal envelope and excite (by collisions) atoms in this envelope (MUSTEL, 


1949¢ . More vel they can accelerate the latte! Kor example, calculations 


te that the acceleration of the principal envelope of Nova Her 1934 which began 


th Janu ry, 1935, might be explained only by the fact that atoms constituting 


‘ffuse-enhanced spectrum ol the nova began to overtake the envelope on 


inuary 1935. Radiation pressure could not cause this acceleration (MUSTEL 


processes ot continuous ejection ot CASCOUS louds trom the photosphere and 
sequent release of energy stored in these clouds (recombinations. efc.) can also 


n (MusTeL, 1948c, 1949c) the very rapid formation of emission bands in the 


novae after maximum. The fluorescence which arises from the Lyman 
im cannot produce anything at the beginning (when the temperature of the 
is too low The energy in the emission bands can be partly produced as 


ult of collisions between Gaseous condensations in the extended envelope 


surrounding the nova. The introduction of all these mechanisms explains (MUSTEL, 
1949¢ 
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the extremely interesting transformations of the contours of the hydrogen 
ybserved in the spectra ol Nova \ql LOQITS (SAYER. 1935 

nal result of the outburst of every nova is the loss of mass by the latter. 
Was first estimated by AMBARTSUMIAN and Kozyrevy (1933). This loss proved 


comparatively small. Computations of this mass m™ were recently completed 


e author (MustexL, 1950b) and KopyLoy (1953 The latter applied his calcula 


found that there is a linear relation between Og wm ana the absolute magnitude 
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1. INTRODUCTION 


Kew celestial phenomena have, since time immemorial ittracted more attention 
than occasional outbursts of the novae. A vast amount of observational evidence 
bearing on at least eight bright objects of this class which have flared up in the past 
fifty vears has been accumulated, and has been made the subject of innumerable 
discussions which gradually brought to light the salient features of the phenomenon 
In view of Professor STRATTON’S own distinguished contributions to a spectroscopic 
study of several past novae*, it may be appropriate, in this volume, to attempt taking 


stock of our present knowledge of the nature of the nova phenomenon, and inquire 


* References to STRATTON’S work ss ' tl | wera n Mel {LIN'S art ! SD 


140” Qn the nature ot physical processes unde rlying the nova phenomenon 


is to the physical meaning of extensive observational evidence which is now at our 
disposal. Do the data established by direct observations contain a sufficient number 
of clues to permit us to account for at least the essential features—if not details—of 
a typical nova outburst in terms of a consistent physical theory—a theory which 
might possibly help us to identify the underlying cause of the whole phenomenon / 
This question has been raised repeatedly, in recent years, by several investigators, 
but in spite of much work and some real progress in the clarification of ideas the basic 
problem still awaits a detailed solution (ROSSELAND, 1946; SCHATZMAN, 1946a, 
1946b, 1949, 1951; Kopa, 1950; Carrus, Fox, Haas, Kopa, 1951). On the other 
hand, the process of gradual elimination of different alternative hypotheses has 
narrowed down the field of permissible inquiry to such an extent that a renewed 
uttempt at an outline of a solution of the nova problem seems justified. The aim of 
the present communication will be to describe such an attempt. A physical theory 
which we propose to develop to this end will of necessity contain several features 
in‘roduced already by previous investigators, but new ideas will be found essential 
for progressing beyond a purely descriptive stage of explanation in quest of a con 
sistent picture of the whole problem. The summarizing nature of this communication 


will permit us to present the essential arguments only in a skeleton form, and to 


discuss them in a qualitative, rather than a quantitative manner: for, as will be 


seen, their detailed elaboration would lead us rather deep into certain branches of 


nonlinear aerodynamics which are still far from being well-explored. The present 
paper should, therefore, be considered as scarcely more than a programme for further 


study—which will have to be undertaken should the ideas proposed below withstand 


ther scrutiny—and an outline of a particularly interesting chapter of cosmical 


avdrodynamics which remains. as yet, largely to be written. 


2. OBSERVED DATA 
The salient observational data characterizing the novae are well known, and have, 
in recent years, been summarized comprehensively and accurately by McLAUGHLIN 
in a series of papers to which frequent reference will be made later on (1939, 1941, 
1942a, 1942b,. 1944. 1948, 1950). Perhaps the most characteristic feature of the 
novae—in fact. the one which gave the phenomenon its name—is the conspicuous 
increase in brightness, which, for a typical nova, may amount to 9-12 magnitudes, 
and which. It) exceptional cases (such as Nova Puppis 1942), may have exceeded 
17 magnitudes. The time-scale of such a spectacular rise is not yet established with 
any accuracy: but, judging from the gradient of the light curves near maximum light 
(and other indications), the rise may have taken place within a few days. What has 
happened to Nova Puppis and other similar objects while their brightness has so 
suddenly increased a thousand to a million times’ Spectroscopic observations have 
long furnished a conclusive answer. The measured Doppler shifts of the absorption 
lines leave no room for doubt that the effective surface of a nova in the course of its 
outburst is expanding with velocities which range from several hundred to a few 
thousand kilometres per second and, as long as the visibility of each spectrum lasts, 
this expansion of the absorbing matter is never brought toastandstill. The possibility 
that we are witnessing the bodily expansion of a star as a whole can be ruled out at 
once, for, on any reasonable assumption about the masses of the novae, the observed 
velocities of expansion exceed the velocity of escape from the gravitational field of a 
star by so wide a margin that if the star were expanding as a whole the explosion 
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would dissipate it altogether. Actually, we know that only a few years after the 
outburst a nova will eventually settle down to much the same state as before the 
explosion (MCLAUGHLIN, 1941) and spectrophotometric studies have indicated that 
the amount of matter actually ejected constitutes but a minute fraction (10-4 to 10-*) 
of the total mass of the star (AMBARTSUMIAN, KozyREv, 1933: WHIPPLE, PAYNE 
(GiAPOSCHKIN, 1936: GORDELADSE, 1937: GROTRIAN, 1937a). Hence, the conclusion 
is inevitable that we are witnessing the expansion of a thin gas shel/l—or possibly of 
several shells—ejected successively with various velocities. 

Observations of almost every nova have revealed a remarkable sequence of spectral 
changes (both in absorption and emission), accompanying the variation of light, which 
are typical of the phenomenon. In particular, it is well known (MCLAUGHLIN, 
1942b, pp. 154 ff.) that the pre-maximum absorption spectrum (due to the “main 
burst’ of the expanding nova) does not persist longer than a day or two after the 
maximum light has been attained, and is replaced by the “principal absorption” 
spectrum (to use MCLAUGHLIN’s terminology), whose violet Doppler shifts may be 
even larger than those of the pre-maximum lines. In discussing this phase of a nova 
development on the basis of the observations of Nova Herculis 1934, RussELL (1936) 
suggested that the simplest way to explain such phenomena would be to assume that 
an inner and swifter shell of gas swept up the outer one. This suggestion did not at 
first fall on a fertile ground.* Before analysing it, however, in more detail, we wish 
to emphasize the fact that at later stages—when the light of a nova is again on the 
decline—the spectra of several novae have revealed the appearance of further distinct 
shells expanding with different velocities: several such shells may even co-exist for 
some time (for instance, in Nova Pictoris 1925). There is, however, no doubt as to 
the ultimate fate of the matter constituting them. Since their velocities of expansion 
exceed by far those of escape from the gravitational field of the star, all matte 
partaking in the expansion must inadvertently be lost. In the absence of any deceler 
ating force, it will continue to expand long after the density of the shell has become 
too low to impress any appreciable effect on the spectrum—until, years or decades 
later, it may have separated far enough from the parent star to become directly 
observable. 

3. INTERPRETATION OF THE DATA 
But let us return to the beginning of a nova outburst, and confine our attention to the 
“main burst” responsible for the initial rise in light. There is no doubt that this 
burst should represent the dynamically simplest phase of the whole phenomenon, 
and also the most important one, for the whole subsequent history of a nova outburst 
is likely to be a necessary consequence of this initial event. An examination of the 


physical properties of the post-novae, (together with an assumption, strongly sug 


gested by circumstantial evidence (HuMASON, 1938: MCLAUGHLIN, 1942b, sub. 3) 


that the absolute properties of the pre and post-novae are essentially the same), 
makes it fairly certain that the radius of a typical pre-nova is likely to be of the order 
of magnitude of 0-1, and its effective temperature about 50,000°—60,000°. In the 
course of the initial rise in light, this temperature is known to drop, on the average, 
to about 10,000° at the time when a nova is likely to be first observed, and to 


* “If that were nique Case commenter GHLID 2b, p. 191 we might accept such an interpret 


taxes one’s credulity » Suggest iat each nova h ad two s j te shells In what follows, we shall attempt to show 
that, instead of being arbitrary, the ence of more 1 me she Vv be a necessary consequence Of the nova outburst. 


phenomenon 


somewhat less than 10,000 after the maximum light has been attained (MCLAUGHLIN, 
1942b, pp. 187-8)—-whereupon it starts increasing again until, a few years later, its 
riginal pre explosion) value is regained. Once the temperature variation in the 


course of a nova development has been established from its spectral (or colour) 
changes, it Is possible to deduce from the observed hight curve the rate of expansion 
4 its effective photosphere (e.g. BEER, 1937)—represented, at this time, by the 
main burst’. The outcome discloses that, for a typical nova, the maximum radius 
ot its main burst reaches a magnitude of the order of LOO”. with values of the size 
tT 2O0—300 attained in exceptional eases (MCLAUGHLIN, 1950). 

\ny ittempt at a physical theory of the nova phenomenon must. therefore, come 
grips with the following fact: as the radius of a thin surface shell of an incipient 

t increases hy a factor of the order of 1000. or several times this amount. the tem 
perature OT its effective photospher diminishe s only five or sia times. In the course oft 
this great initial eXpansion, the shell constituting the main burst remains, not only 
hoi, but also opaque—since no trace of an emission spectrum (originating no doubt in 
the neighbourhood of the disturbed stellar core) is usually observed until the emer 
ence of the principal absorption—and, moreover, its photospheric lavers must 


remain at a sufficiently high pressure to account for the observed continuous spec 


trum. We know that very little mass is involved in the main burst: therefore, the 
espective shell must be very thin The physical mechanism which propels it must, 
however, keep it in a sufthciently compressed state up to the emergence of the post 


ixlmum spectrum) to re nder it Opaque, and at a SuIncle ntly high temperature to 
ecount for the observed increase in light. Moreover, the propelling force must 
DvIoUsly act Tol only ery short time after the onset of the phenomenon, fol the 
elocitv of expansion ot the main burst ippears to be sensibly constant from when a 
no is first detected. Any force acting continuously (such is the radiation pressure, 
which was frequently invoked by earlier investigators to account for the ejection) 
nificant acceleration of absorbing matter propagating in a 
medium which offers practically no resistance. The absence of any such acceleration 


Indicates. theretore that the initial cause of the icceleration trom the state of rest to 


the observed velocities of the order of 1000km per sec. must have stopped acting 
while the light of the nova is still well on the increase 

The foregoing arguments make it abundantly clear that. in the nova outburst, we 
cannot witness the detachment of a simple gas shell propelled by a continuously 


icting force (because its expansion, by internal pressure, would cool it off much more 
rapidly than is ictually observed). We need to invoke a mechanism capable ot 
maintaining. at least within a narrow region. a sufficient!y high pressure and tempera 
ture which should be affected but little by expansion, and carrying its own energy 
supply for this purpose. Such a mechanism is indeed known to the physicists in the 
form of shock waves—.e. surfaces of discontinuity arising in gas moving at super 
sonic speeds which cause a degeneration of mechanical energy into heat. and at 
whose fronts relatively high pressures and temperatures can be maintained at the 
expense of their kinetic energy even if the pressure and temperature ahead of them 
are very low. It is, in particular, this conversion of the mechanical energy into heat 


through the medium of shock waves which, we suggest, is the principal reason why the 


main burst of a nova may attain its observed size without dispersal and adiabatic 


J 
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cooling: for, if we are right, the effective photosphere OO] aA nova IS ide ntical with an 
expanding shock front. 


$f, MECHANISM OF AN EXPLOSION 


Let us, in what follows, attempt to examine to what extent are the consequences of 
such a hypothesis compatible with the observed facts. For reasons of simplicity, let 
us assume the whole phenomenon to be radially symmetrical: this need not neces 
sarily be the case, since departures from radial symmetry can be invoked by axial 
rotation and are, indeed, conspicuous in the spectra of many novae (PAYNE 
GAPOSCHKIN, 1949; BAADE, VAN DE Hutst, 1949). Furthermore, we assumed the 
initial explosion—whatever its immediate cause—to take place instantaneously over 
a concentric layer of arbitrary radius. Unless this radius is zero (7.¢. unless the initial 
disturbance originates at the centre). a single explosion of sufficient strength 1s 
bound to set off tivo shock waves (because of the conservation of momentum). one 
propagating towards the surface, the other converging on the centre. Consider first the 
history of the outward going wave. When it has reached in a matter of minutes 
the surface of the incipient nova, the energy which it carries will be diverted to three 
principal channels. One part of it will be dissipated in the form of dissociation and 
ionization, and cause a momentary “flash” on the surface. It is tantalizing to think 
what the spectrum of the star might look like if observed at this critical stage ithough 
there is no doubt that the increase of light accompanying this flash would be con 
firmed almost entirely to the far ultraviolet \nother part of energy of the original 
wave should be converted into kinetic energy, for the impulse carried by a sufficiently 
strong initial shock should be sufficient to endow a certain fraction of surface matte! 
with velocities which may exceed that of escape from the gravitational field of a stat 

and if our hypothesis as to the mechanism of nova explosions is right. this fraction 
should be about 0-0001 to 0-QO000L of the star's mass. The balance of the energy of the 
original wave must then be reflected from the surface back to the centre in the form 
of an inward-going wave. Details of this process, or the proportion of energies 
expended in these ways, cannot be ascertained by qualitative arguments, and quanti 
tative studies of reflecting properties of stellar surfaces are still largely lacking It is 
not till this problem has been adequately investigated that we may find ourselves in a 
position to infer from the observed velocities of ejection the speed of the first wave 


+ 


produced by the initial explosion, Kor the time being, we can only conjecture that 
this speed will be larger than that of the ejection, though probably of the same ordet 
of magnitude. 

Let us. however, abandon for a moment the surface and return to the inward 
going component of the original shock, which, in the meantime, must have reached 
the centre. It is intriguing to speculate what would happen if the original explosion 
were strictly radially-symmetrical (or at least nearly so), in which case the total 
energy of the inward-heading wave (which was not previously dissipated on the way 
would be confined, for a short time, to a very small volume around the centre—thus 


increasing suddenly the prevailing energy density. The consequences of such an 


* The main observable manifestation of such a flash may t I ng eff ! 
revious explosions of a recurrent nova. Since matter expelled at a speed of 1000 Km per se 
mately 0-1 parsec from the parent star, the flash emitted at t set of a new ex] 
instance, Nova Coronae 1866 and 1946) would reach it ina 1 I \l hang \ g g 
is manifested by appropriate spectral changes) in the part of the nebulosity which Is on the opposite sid fat 
reach us then after a lapse of six months—when the luminosity of the nova itself is again w m tl i I nd ght 
possibly be observed. Could the appearance of certain lines of abnormally higl nization i t I 


£0374 of [Fe xX], or 25303 of [Fe XIV] in the spectrum of ova Coronae 1946) be possibly explained 


esses underlying the nova phenomenon 


149 


event may well become even more important than the original explosion and we 
shall return to them later. Although it is difficult to trace them without detailed 
unalysis, there is no doubt that the shock will be reflected back and propagate 
outwards again. It is, moreover, to be expected that the original surface of the star, 
following its disturbance by the first outward-going wave, will cease to act as any 
kind of effective boundary for subsequent waves. Hence, on arriving at the surface, 
the second shock may not lose much of its energy by reflection or dissipation, but 
will continue propagating through matter ejected by the first shock (added to the 
debris from possible previous explosions which may envelope the core of a recurrent 
nova to a considerable distance). Is it the front of this second shock, emerging 
uutwards after its reflection from the centre, which we observe as the ‘effective 


photosphere’’ of the main burst 


». (OMPARISON WITH OBSERVATIONS 


is at this stage that our qualitative shock-wave theory of the nova phenomenon 
neets its first stringent test, for the observed Doppler shifts of the pre-maximum 
spectra of almost all known novae are consistent in indicating that the velocity of 


on of absorbing outer layers exceeds that of « rpansion of the effective photos phere 
is inferred by an integration of their light and temperature curves) by a distinct 
margin which seems to vary from one nova to another (BEER, 1937; MCLAUGHLIN, 
1942b, pp. LSs fi In other words. the absorbing matter is. as a rule, found rushing 
outwards faster than the effective photosphere expands, and this fact may, on first 
sight ippear to be in discord with the consequences of our shock-wave hypothesis. 
For is it not known that the laws of conservation of mass, energy, and momentum 
is embodied in the Rankine-Hugoniot shock-wave conditions) preclude any matter 
accelerated from the state of rest by the passage of a shock wave to move faster than 
its front / Should we, therefore, not expect the outward motion of the layers expelled 


from a nova by the passage of a shock wave—the “post-frontal wind” as it was called 


by RossELAND (1949)—to lag behind the effective photosphere if the latter is a shock 
front As long as we consider the Rankine-Hugoniot conditions appropriate for 
electrically neutral fluid. this conclusion would seem indeed inevitable. and in the 
face of the observational evidence it would force us to assume that the matter pro- 
ducing the pre-maximum absorption was not ejected by the same shock whose front 
we may be observing as the effective photosphere of the main burst, but by one 
which must have preceded it. In considering this as a possibility, we may indeed 
recall that the outward-going component of the original wave, arriving at the surface 
by a direct route, was likely to propagate faster than the second shock, which may 
have dissipated a considerable part of its energy in the course of its double passage 
through the interior of the incipient nova, as well as by its interaction with the 
reflected component of the first shock returning from the surface.* Hence, it is 
possible that this second shock will eventually emerge with a speed so reduced as to 
be actually inferior to that of the “post-frontal wind” originally produced by the 
passage of the first shock. 


The foregoing mechanism represents one way in which theory and observations 
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may possibly be reconciled. But it is also as well to remember that the standard 
Rankine-Hugoniot shock-wave conditions pertain to electrically-neutral gas, whereas 
the expanding shells of a nova consist mostly of a macroscopically neutral mixture 
of ions and free electrons. Now it is well known from the theory of plane shock waves 
in ionized media (DENISSE, RocarD, 1951) that the velocity distribution of the electron 
gas behind a strong shock becomes conspicuously non-Maxwellian with the possi 
bility of an electric charge arising between the two interfaces. The consequences of 
this fact on the relation between the velocity of propagation of the shock front and 
that of the post-frontal wind generated by it are still wholly unexplored; as long as 
this continues to be true, we are not in a position even to attempt explaining the 
observed relation between different rates of expansion of absorbing and luminous 
matter in a unique and satisfactory manner. 

In spite of this fact, there are other and much more persuasive reasons which lead 
us to identify the effective photosphere of a nova with the shock front at the head of an 
expanding gas flow. First. the velocities associated with expanding gas shells of most 
novae are such that, on any reasonable assumption as to the temperature distribution 
in front of them, their motion must be highly supersonic. Under such conditions, the 
occurrence of shock waves represents no arbitrary postulate, but becomes a dynamical 
necessity required by the second law of thermodynamics. Moreover, the presence of 
shock waves enables us also to account logically for the apparent paradox—already 
stressed before—revealing that, as the radius of the effective photosphere of an 
exploding nova increases several thousand times, its effective temperature registers 
but a moderate decline. This fact could scarcely be understood if the distribution of 
pressure in the expanding field of flow were to be regarded as continuous. Moreover, 
let us recall that the velocity of expansion of the effective photosphere following the 
explosion of a nova remains very nearly constant, while the temperature of the 
tenuous gas in front of it is probably diminishing rapidly with increasing distance 
from the centre. As a result, the Mach number of ow hypothetical shock front must 
grow in proportion, and it is—we suggest—this gradual increase in shock strength, 
caused by the diminishing temperature (and. therefore, the ve locity of sound) in front, 
which maintains the observed pressure and temperature hehind the shock in the course 
of its expansion. Thus, while an initial explosion—single or repeated*—of as yet 
unknown origin (which we shall, however, presently proceed to discuss) in the interior 
of a nova must be responsible for the onset of its outburst, it is, we repeat, the con 
version of the kinetic energy of expanding motion into heat through the medium of 
shock waves which is most likely responsible for maintaining the energy balance of 
the main burst. 

The existence of other shells which have been observed to appear in many novae 
is also not difficult to account for in terms of our present theory, at least in a qualita 
tive manner. For, each time a shock wave arrives at the surface (or, possibly, at the 
interface between two regimes of different equilibrium in the interior of a nova), a 
reflection is bound to take place which may give rise to additional shocks propagating 
in a medium already disturbed by the passage of previous waves. The history and 
interaction of all phenomena which may be set off even by a single initial explosion 


* “Speculating a little more freely’’, writes MCLAUGHLIN, ‘‘the fact that we can express the rate of development in terms of a 
single parameter—the velocity—suggests that the phenomenon of a nova is due to a single sudden release of energy within the 
star. The great explosion represented by the rise to maximum light determines completely the train of events which follows 
during months or vears afterwards, just as the trajectories of the fragments of a bursting bomb are determined at the instant 


of the explosion 


$US On the nature of physical processes underlying the nova phe nomenon 


becomes soon too complex to be followed without the background of an adequate 
hydrodynamical theory, which should permit us to relate subsequent events w ith the 
initial conditions which caused them. This theory is, in essence, contained in a 
sys.em of partial differential equations governing the propagation of waves of finite 
unplitude through heterogeneous media, with boundary conditions given at a moving 
surface. Such equations can be set up without difficulty (KopaL, Lry, 1951), and 
there is not much room for differences of opinion as to their form and physical signifi 
cance. The difficulty rests, however, almost entirely with their solution By virtue 
of their conspicuous nonlinearity. the respective system of differential equations has 
so far effectively defied any attempt at an analytical solution which would not involve 
crippling approximations, or assumptions too special to be fulfilled in practical 
cases. As long as this remains true we do not know, for instance, why the main burst 


f almost every nova should be swept up by an inner and faster shell just after the 
maximum light has been attained—though our equations may contain the implicit 
inswer. Qualitatively speaking, however, the phenomena known to occur at least 
in the early stages of a nova explosion appear to be strikingly consistent with a 
hypothesis postulating the generation of a sequence ot expanding shock waves of 
rreat strength, and on a scale surpassed in Nature possibly only by the supernovae. 
he nova phenomenon may, indeed, be regarded as one of the most energetic physical 


demonstrations known in the whole universe 


6. PRE-NOVAE AND THEIR OBSERVED (CHARACTERISTICS 


What is the total amount of energy expended in an average nova outburst / Taking 
into account both the kinetic and thermal energy of successive shells as well as 
radiation omitted in the course of a complete nova explosion, UNsSOLD (1930) 
urrived at a value of the order of 10% ergs—which represents but a minute fraction 
of the total internal energy of an average stal (see also SIEDENTOPF, 1933: GROTRIAN, 
1937b: BreERMANN, 1939). 

A typical post-nova would radiate away a similar amount of energy by normal 
processes within a few thousand years, which represent an astronomically insignifi 
cant fraction of the star's life (and may, In fact, be comparable with the mean interval 
likely to elapse between successive outbursts of recurrent novae. The relative small 
ness of the energy as well as mass expended in a typical nova outburst suggests that 
the actual manifestations Oo; a nova ¢ rplosion constitute a skin deep surface phe nomenon, 
probably of little consequence as far as the star aS aw hole Is concerned. It makes it 
possible that a star could undergo the same strenuous physical exercise several times 
perhaps many times—without any apparent harm or profound change in its internal 
structure. 

What are the physical characteristics of the stars known to suffer from nova 
explosions / Observations of the extragalactic novae disclose that the maximum 
absolute photographic magnitudes of such objects cluster around the value of 7. 
and the absolute magnitudes of a few galactic novae. for which reliable parallaxes 
could be obtained by a comparison of the radial and lateral rates of expansion of the 
nebulae associated with them. are consistent with this fact (MCLAUGHLIN. 1942a). 
The absolute magnitudes of the pre- or post-novae, obtained by adding to the 
maximum absolute magnitude the observed range of the light changes. are then 


scattered between 3 and S absolute magnitudes. This. together with their 
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early-type spectra renders such stars white subdwarfs, and places them in the Hertz 
sprung-Russell diagram in the middle of a great gap between the upper part of the 
main sequence and the domain occupied by white dwarfs. Not a single nova is 
known to have flared up from the main sequence, and few have become absolutely as 
faint in the post-nova stage as average white dwarfs (LUNDMARK, 1941, pp. 9 ff.) 
A recurrence of outbursts even among typical novae (such as Nova Coronae Borealis 
1866 and 1946) indicates, moreover, that among white subdwarfs nova-itis is likely 
to be in ceneral repetitive with a possible statistical relation existing between the 
magnitude of each outburst and the average time interval between them (KUKARKIN, 
PAREN 4GO, 1934). The fact that this phenomenon seems repetitive in a parti ulat 
group of stars suggests, in turn, that it may be possible to trace its cause back to some 
particular feature of the internal structure of white subdwarfs—and of these stars 
alone—which, suitably activated may compel such stars to “blow their lids off 
“A potential nova’, writes MCLAUGHLIN (1950), “is analogous to a geyser just before 
eruption, ortoa gun loaded and at the ready We do not need to identify a source of 
10 ergs, for the star already contains many times that quantity. What we need to 
identify is the finger that pulls the trigger’ 

The first specific attempt at an identification of such a mechanism was made by 
BIERMANN (1939), who showed that (under certain assumptions) a change from 
radiative to convective equilibrium in a hydrogen ionization zone immediately 
below the photosphere of a white subdwart may account for a sudden release of the 
correct amount of energy. In order that this mechanism be operative, it is, howeve 
necessary that the abundances of both hydrogen and helium in this eritical zone be 
low. Now the spectra of the novae do, indeed suggest a certain Scarcity ot hydrogen 
in their outer layers (SwinGs, 1941, p. 144), which may connote its depletion in 
preceding evolutionary stages as a result of nuclear transformations. If so, howeve1 
the abundance of helium must automatically be high—a fact which was perhaps not 
so fully appreciated at the time when BIERMANN’S hypothesis was proposed, but 
which to day constitutes a serious objection. For it does not seem at all likely that 
ina gas of high helium content, the hydrogen ionization zone could be in so unstable 
an equilibrium as to account for the nova phenomenon. And yet circumstantial 
evidence makes it highly probable that the internal structure of white subdwarts 
must contain some element of instability necessary for invoking the observed 
phenomena’ : only, if our hy pothesis that the carriers of the external manifestations 
of the nova-itis are shock waves is well-founded. it is not necessary to seek the locus 
of a superficial disturbance of a stat immediately below its surface, for the shock 
wave mechanism may transfer the requisite amount of energy also from the deep 


interior promptly and with very little dissipation 


7. INTERNAL CONSTITUTION OF THE PRE-NOVAE 


In order to resume our search for the possibly deep seated cause of nova outbursts, 
let us consider a typical representative of the class of stars exhibiting nova-itis 
The absolute photographic magnitude of an average post-nova may not be very 
different from that of the Sun. Since its spectrum indicates a surface temperature of 


about 50,000, its radius is likely to be of the order of 0-10 to account for the 


* In point of fact, it may be ar 


the internal structure of white subdwarfs in a similar way as a ill tions can do for main-sequenece stars. and pulsation for 


physical y ifiables above the main sequence 


observed luminosity. If, moreover, we assume (and this assumption may easily 


become treacherous) that white subdwarfs as a class follow the same empirical mass 


luminosity relation as the main sequence stars, it would follow that the mass of an 
average post-nova should be in the neighbourhood of one solar mass, and, conse 
quently, its mean density should be of the order of 1000”. Now the point of departure 
of ou present discussion will be the fact that the internal structure of stars so dense 
should diffi drastically from that of ordinary main SEQUENCE stars because oO] a comple te ly 
different behaviour of the absorption coefficient in their interiors. As is well known, in 
most interior parts of the main sequence stars (except, possibly, in the neighbourhood 
of the centre), the opacity of stellar matter should very nearly follow the Kramers 
law It has. however. been shown by Morse (1940) that if the density of stellar 
matte! approaches or exceeds LOO o per cm”, its opacity should become virtually 
independent of the density, and vary in inverse proportion to approximately the 
square of its temperature. Now if the absolute properties ota typical post nova as 
qu ited above indicating 1 mean density of the order of LOO0 @ em? are indeed 
representative of stars of this class, MORSE’s limit should be exceeded in large parts 
of their interiors 

In order to explore the consequences of this fact, M. B. SHAPLEY and the present 
writer embarked some time wo” on the integration of stellar n odels. assumed to be 


4 


chemically homogeneous, consisting (by hypothesis) of a convective core responsible 


1 l 7 
for the total energy output of the composite configuration, and surrounded by a V 
radiative envelope in which the opacity varies with the inverse /-th power of the 1 
temperature. where / 2? 2-]. 2-2. and 2:3. Since we expected to be dealing with 
stars of moderate masses. the effects of radiation pressure have been ignored through 
out the computations. The integrations have been performed from the surface 
inwards, using the very convenient system of homologous variables introduced by 
Bonpt and Bonpt (1949 ind their main results are summarized in the following 
Table 1. the columns of which are mostly self-explanatory. In their headings, the 
( 74 1 ) j ~ 
; 1969 1 144 Ty, 
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letters WV and R stand for the total mass and radius of the configuration as a whole. 
and m and r for those of its convective core. The symbols P.. p, refer to the central 
values of the pressure and density respectively ré) denoting the mean density of the 
whole configuration—while g, and g, indicate the values of local gravity on the 
surface of the star and on that of its convective core iltimatelv. G denotes the 
constant of gravitation. 

A glance at the foregoing tabulation reveals that the density concentration of all ou) 
models has turned out to be unusually high—of the order 10? to 104—and a choice of 


9 


k slightly in excess of 2-3 would have, in fact, led to a point-source model of infinite 
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density concentration.” Consistent with ou preceding considerations, let us, more 
over, adopt the values of .V/ 2? 102 o and R Q-] i 10” em for the total 
mass and radius of our configuration, rendering its mean density p 1-4 10? 


g per cm?®. If so, the absolute values of the central density p,, pressure P,, tempera 
ture 7’, (computed from perfect-gas law, assumed molecular weight 1 2). as well 
as that of the gravitational acceleration gy, at the boundary of the convective core 


of our four models. are as given in the following Table 2. Fuller details of these 


Ta 2 
i PF 
4 3:26 0-203 15-1 1-97 
2 80 0-433 |S-2 I.Q4 
2° 11-sS 1-1 22°83 $51 
»-3 28°9 3°58 s() 8-10 


models, as well as a discussion of the consistency of the underlying assumptions with 
their consequencest are outside the scope of the present paper and will be given 
elsewhere. Several reasons lead us indeed to conclude that our models, as they stand 
represent as yet too simplified a picture of the actual structure of a potential nova 
lheir general characteristics are, however, likely to be genuine; and in what follows 
we wish to call attention to two of their features which may have a direct bearing on 
the cause of the nova phenomenon 

The first 1s the abnormally large \ ilue of ora itational accelerations encountered 


in their interiors (and these are, in turn, a consequence of the high concentration of 


mass near their centres). On the surface of the Sun the value of ¢ is known to be 
2-7 104 cm per sec.*, and does not become much larger anywhere within its interio1 
(Epsretn, 1951). The same is true. broadly speaking of most other main sequence 


stars, and among the giants much smaller accelerations are encountered Now on the 


surface of our hypothetical model-subdwarf, ¢ LOO 2-7 10° em per sec. 


n the interior attaining i Maximum 


and becomes, moreover, many times as large 
value of (m M)(7 R) “YJ at the interface of the radiative envelope and convective 
core. The actual values of the ratios g, g, corresponding to our four models can be 
found in the last column of Table 1, and the absolute values of g, corresponding to 
q 2-7 10° cm per sec.* are then given in the ultimate column of Table 2. The 
magnitude of the absolute values of the g.’s bespeaks forcefully the tact that. in the 
interiors of configurations built up according to our models, the hydrostatic equilibrium 
must be strained toan excessively high degree, and that the smallest proportional break 
down of it—no matter what its immediate cause— may entail serious consequences 
The greater this stress (7.e. the greater the numerical magnitude of both sides of the 


equation of hydrostatic equilibrium) the more critical it becomes to maintain so 


* That tl 1 ile ! 4 

ndex vers il idiati | ibriur vl il | I 1 

{ miposit mtigurat ind Increase | H 
irge pa f our radiatiy ivers should sin u 
neighbourhood of 5—which should account fo I 

In particular, judging from the outcome, the adopted absorptior tt Y 

radiative envelopes, Where the actual density has dropped w I t MORSE limit. M 

is computed from their theoretical mass-radius-luminosity itior ha me out rather to ww t nag 
the observed facts—-which suggests that some energy-generating |] SSeS ist also proce 
It is also likely that, under the pressures and densities we g matt I 

rv wholly degenerate All such considerations will have to be taken into account 


omologous models can no longer be constructed and a certair 


va phenomenon 


precarious a balance between gravitation and gas pressure; temporary or local 
adjustments, which might pass unnoticed in the vast majority of less strained stars, 
may in white subdwarfs produce large accelerations within a very short time.* 
Whether or not such accidental adjustments of hydrostatic equilibrium may actually 
be responsible for the nova phenomenon alone remains rather doubtful. It is, 
however, possible that such accidental “quakes” may pro\ ide a trigge r action to set 


off more important events 


8. NEUTRON FORMATION 
Possibly the real clue as to the cause of such events may be revealed by the absolute 
values of central pressures attained in our model-configurations, as summarized in 
Table 2. If these can be taken on their face values, it would follow that the pressures 
in central parts of a potential nova are of the order of magnitude of 10°" dyne per em?. 
Now only a slightly larger value—in fact, 1-16 103 dyne per cm*—is known to be 
the equilibrium pressure of the reaction H c 28 ", governing the decom 
position of neutrons into protons and electrons In a degenerate vas.t In the case of 
the Sun and other main sequence stars, the central pressure is of the order of 
LO! dyne per em? (Epsrery, 1951). At such pressures free neutrons cannot exist, 
for they would decay spontaneously before being absorbed by heavy elements. 
Conversely, at pressures above 107° dyne per cm?, free protons can no longer co-exist 
with the electrons, because pressure alone would crush them into neutrons and these, 
in turn. would be absorbed almost immediately by the heavier nuclei. Now it is 
highly suggestive that conspicuous astronomical events such as the nova outbursts 
seem to be connected with stars whose central pressures may be approaching the 
equil brium pressure of neutron decay. 

At first sight this mechanism m iv seem to pro\ ide us with an embarrassing over 
abundance of energy susceptible of a sudden release. Before coming to consider the 
balance in more detail. however. let us emphasize that a sta compressed to the size 
of an ordinary white subdwarf must already have lost most of its original hydrogen 
supply in the deep interior by previous evolutionary processes: otherwise, it could 
not have attained the central values of pressure and density of our model-configura 
tions without being much more luminous than white subdwarfs. If our views are 
right, the potential nova is a star whose hydrogen content is getting appreciably 
depleted already in its outer layers—as observations seem indeed to indicate (SWINGS, 
195] and may be present only in traces near the centre where the critical pressure 
of neutron decay is approached. Consider now what happens when such a star gets 
‘s] aken”’ by an incidental and hot necessarily radially symmetrical) disturbance ot 
its highly strained hydrostatic equilibrium. This gravitational “quake” is likely to 
set off a shock wave, of moderate strength, one component of which must propagate 
towards the centre. The pressure increase behind this shock may, in turn, be sufficient 
to bring the equilibrium central pressure of the star suddenly “over the hump” of 
the critical value of 1-16 10°> dyne per cm*. When this occurs, all hydrogen 
inside of the high pressure zone gets converted almost instantaneously (the exact 
time depends on the actual overpressure attained) into neutrons which, in turn, are 
heavier nuclei and induce additional exothermic reactions—and all 


absor hed by 
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these are responsible for the main nova outburst. The amount of hydrogen whose 
Instantaneous conversion into neutrons can account for the balance of a single nova 
outburst is rather difficult to evaluate with any accuracy, because the second part of 
our cycle (i.e. the absorption of neutrons) is sensitive to the actual proportion of 
heavy elements in the deep interior, and at this we can only guess; but as far as the 
order of magnitude is concerned, a conversion into neutrons of the amount of hydroge n 
equal to 10-9 times the mass of the whole star can account for the release of 10? ergs 
characteristic of a typical nova outburst. It is, therefore, possible that even a very 
small remaining hydrogen content of a white subdwarf can provide a sufficient source 
of energy for not one, but for a long series of recurrent nova outbursts. 

The individual features of such outbursts have been discussed qualitatively in 
earlier parts of this paper, and we recall that once the cataclysmic spasm is over, the 
structure of a post-nova should remain very much the same as it was before—except 
for the fact that the explosion must have removed effectively all hydrogen from a 
certain fraction of the interior surrounding the centre. As long as this remains so, and 
the hydrogen in the star is confined to less compressed zones of the far interior 
the nova can be regarded as temporarily ‘safe’. In the course of time it is, howevet 
probable that the mixing of matter (by slow convection currents if any appreciable 
temperature gradient in the hydrogen-free zone can be maintained, or by diffusion 
will gradually transport some hydrogen to the central regions of the stat und as 

TUFS + this proceeds, the hnhova becomes eventually loaded” again and ready to go oft 

1956 provided that the next spasm of neutron formation will be triggered before the 
filtering-in hydrogen is removed more gradually by ordinary thermonuclear reac 
tions. A gradual charging of the nova centre by hydrogen may then explain at 
least qualitatively—both the recurrent nature of the phenomenon, as well as the 
fact (strongly suggested by the available observational evidence) that the average 
time interval between two successive outbursts appears to be the longer the greatet 
the amplitude of the light changes (KUKARKIN, PARENAGO, 1934). In the light of 
our hy pothesis, it should be obvious that the larger the energy) release accomp unying 
each outburst, the larger the part of the interior which must have been swept clean 
from all hydrogen; therefore, the longer it should consequently take to replenish it 


9. POSSIBLE EVOLUTION OF A NOVA 


What should happen, in accordance with this picture, to a nova after its entire 
remaining hydrogen supply (at least in the regions where mixing can proceed will 
be exhausted’? What is. in fact. the evolutionary significance of the nova pheno 
menon/ Ifthe ideas proposed in this paper are anywhere near the truth, low hydro 
gen contents of the incipient novae, prerequisite for attaining central pressures of 
the order of 10° dyne per cm?, make it very likely that the white subdwarf stage is an 
evolutionary sequel to the main sequence stars—at least to those on the upper part 
of the main sequence—which have exhausted their original hydrogen supply by 
thermonuclear reactions, and whose luminosity is on the decline. As long as the 


transmutation of hydrogen into helium on a large scale was able to keep the stars 


It may be mentioned, in this connectior 


vears been de ped by SCHATZMAN Mo ‘ 
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On the Relics of Supernovae 


W. H. RAMSEY 


Department of Astrot | coniil f Manchests 
SUMMAI 
It is suggested that the uninosity of the remnant of a Der! a el s the Crab Nebula aintained 
mamly by the radioact e decay of unstable nu il tope formed during the exy : ! the pat 
star and not by the radiation of a hypothetica ent tar as has hitherto beer ippose 
important radioactive Isotope 3 ¢ ‘ and t } that 0-05 pet ent bh mass f 
maimtain the radiation from the Crab Nebula S | ition f this hvnothe 


Ir is known from observations on the extra-Galactic nebulae that there is approxi 
mately one supernova per galaxy every 500 years. There have been only three 
Galactic supernovae in recorded history, and all three occurred prior to the invention 
of the telescope and the development of precise astronomical measurements. Neve 
theless, the positions of the supernovae in the sky and their decay in brightness aftet 
maximum are well-defined by the ancient observations. The light curves are, within 
the observational uncertainties, identical with those of the extra-Galactic supernovae 
observed by modern telescopes. In the present paper the principal interest lies in 
the remnants of the supernovae rather than in the supernovae themselves. The most 
recent Galactic supernova occurred in 1604 4.p. and is usually associated with the 
name of KEPLER. The remnant of this supernova is a diffuse cloud of gas with a 
rather characteristic spectrum. There was a supernova a generation earlier, in 
1572 a.p., which is usually known as Tycho’s Star. There is no visible remnant of ; 
this exploded star, but there is in the same position a radio star. But the most striking 
of all supernovae occurred in 1054 4.b. and was observed and studied by Far Eastern 
astronomers. In this position there is one of the most remarkable objects in the 
whole sky, the Crab Nebula. This is an enormous mass of expanding gas, the core of 
which is amorphous and exhibits no spectral lines. The diffuse outer filaments 
however, do exhibit spectral lines, and the spectrum is similar to that of the remnants 
ot Kepler's Star. The Crab Nebula, like Tycho’s Star, is also a radio star. The rate 
of expansion of the Crab Nebula indicates that it is about 900 years old, and there is 
no doubt that the star observed by the Chinese was its parent. Our knowledge 
about the Crab Nebula creat ly exceeds that about the remnants of the other two 


supernovae, and therefore will be the centre of interest in this paper.* 


At maximum brilliance the supernova observed by the Chinese outshone even 
Venus, and it must have attained an absolute magnitude in the neighbourhood of 

16-5. Its maximum luminosity, therefore, exceeded the total of all other stars in 
the Galaxy. But its brilliance was short-lived, and after a few years it was invisible 
to the naked eye. Nevertheless, the energy released in these few years must have 
been comparable to, if not approximately equal to, the total thermal energy of the 
parent star. To-day the absolute magnitude of the Crab Nebula is about 1-35 and 
this has not changed perceptibly in the past thirty years. The luminosity of the 
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even in its present quiescent state, is therefore 300 times as great as that of 
the Sun. The amorphous central core of the Nebula accounts for about 80 per cent 
of the total light. and the outer filaments for about 20 per cent. 

The Crab Nebula, as it now is, presents a number of difficulties. First, there is no 
known source of energy which could enable the Nebula to radiate with its present 
brilliance for nine centuries. It has often been supposed that there is a central star, a 
relic of the parent star which exploded, which is responsbile for the luminosity. But 
the Nebula is comparatively transparent and stars both within and beyond the 
Nebula are easily observed. All but one of these stars can be excluded as their 
proper motions differ significantly from that of the Nebula. The absolute magnitude 


of this s 


tar is about 5-6 and so its luminosity is less than that of the Nebula by a 


factor of about 600. The second difficulty presented by the Crab Nebula is one of 
temperature. The gas temperature, as judged by the colour, is about 7000°C. But 


the temperature of the free electrons in the amorphous core must be at least 50,000°C ; 
only very fast free electrons Gan completely obliterate the spectral lines as is observed. 
The third difficulty presented by the Nebula is the relative strengths of the spectral 
ines observed in the outer filaments. The lines of hydrogen are comparatively weak, 
but this is not usually regarded as a difficulty, as CHANDRASEKHAR (1941) has sug 
gested that a supernova is the result of a transition of a star to a white dwarf con 


figuration after its ordinary atomic fuel has been nearly exhausted. But the lines 


6548 A and 6584 A of singly ionized nitrogen do present a difficulty, as they are the 
strongest in the whole spectrum: the singly ionized sulphur lines 6711 A and 6728 A 
wre also surprisingly strong. These lines are also the strongest lines observed in the 
remnant of Kepler’s Star 

MINKOWSKI (1942, 1943) has attempted to overcome the first and second difh 


culties mentioned above by supposing that the central star which exhibits ho 


striking abnormalities, is indeed a very remarkable star. Though it appears to be 
faint he assumes that its luminosity is indeed very large. Though its colour appears 
to be typical ota star ol modet ite surtace tempel iture he assumes that its surtace 
temperature is extremely high. The abnormal properties of this central star are 
supposed to be masked from us by the gaseous material of the Nebula in such a way 
that it ippears to be quite normal. MINkKowSskI has made detailed calculations on 
the basis of this model and has found that the luminosity of the central star must 
exceed that of the Sun by a factor of 30,000, even though its absolute visual magnitude 
appears to be less than that of the Sun. The surface temperature of the central star 
is not a few thousands of degrees, as would appear, but of the order of half a million 
degrees, and its radius is only about 2 per cent of that of the Sun. This star would be 
an even more remarkable object that the Crab Nebula itself, and it is postulated 
merely to explain the properties of the Nebula. There is, after all, no reason to 
believe that the star is even within the Nebula. Furthermore, this model does not 
explain the properties of the Crab Nebula it gives no clue to the reason for the 
abnormally strong lines of ionized nitrogen and sulphur. It will be assumed in the 
present papel that either there is no central star in the Nebula or, if there is, it makes 


only 1 minor contribution to the maintenance of the radiation from the Nebula. 


It will be postulated in this paper that the luminosity of the Crab Nebula and of 


the relics of other old supernovae is maintained mainly by the radioactive decay of 


unstable nuclear isotopes formed during the explosion of the parent star. This 
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important role of radioactivity is a consequence of a particular mechanism of the 
formation of supernovae which the writer is developing, and which will be described 
elsewhere. The conclusions of this paper are, however, being presented separately 
as they do not depend inherently on the writer’s special mechanism. Indeed, they 
follow from any reasonable theory of supernovae, such as that of HOYLE (1946). The 
extreme internal pressures and temperatures necessary to blow a star completely to 
pieces are sufficient to maintain very rapid nuclear transformations which supply 
the energy required to disintegrate the star. Indeed, only nuclear sources could 
supply the energy required. The exploding star is probably converted into an 
enormous “helium bomb” and the energy is released mainly through the synthesis 
of heavier elements from helium; CHANDRASEKHAR’S view, which is generally 
accepted, is that the parent star has already exhaused most of its hydrogen. Both 
stable and unstable isotopes of the heavier elements will be formed during the 
explosion, but most of the unstable isotopes will be short-lived. There remains, how 
ever, the possibility that the more slowly decaying isotopes cannot be ignored in 
studying the remnant of a supernova such as the Crab Nebula. 

As the Crab Nebula is nine centuries old, isotopes with lifetimes less than, say 
twenty vears will have long since decayed, and so will have no bearing on the 
present state of the Nebula. The longer-lived unstable isotopes are comparatively 
rare; a table of nuclear species and their properties will be found in ROSENFELD’s 
book (1948). The heavy elements with atomic weights greater than about 70 are 
almost certainly rare both before and after the explosion they are therefore very 
unlikely to make an important contribution to the properties of the Nebula. Thus, 
only isotopes of lifetime greater than twenty years and atomic weight less than 70 
remain of interest. These are four in number and they are listed in Table 1; the half 
life of the isotope is expressed in years and the energy released by /-disintegration 


in mega-electronvolts. 
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The first and most important feature of the Crab Nebula to be elucidated by the 
above considerations is the nature of its source of energy. It will now be shown that 
the luminosity of the Nebula can be accounted for by radioactivity without the 
hypothesis of an abnormal central star. Nearly all the radioactive energy must be 
supplied by the isotope of carbon. Not only is this isotope expected to be by far the 
most abundant listed in Table 1, but its lifetime is less than those of the other 
isotopes by a factor of the order of athousand. According to MINKOWSKI (1942, 1943 
the mass of the Crab Nebula is about fifteen times that of the Sun, and its absolute 
magnitude is 1-35. The proportion of C™ necessary to maintain the radiation of the 


Nebula is therefore about 0-05 per cent by mass. This figure is reasonab!e, but it 


must be remembered that the uncertainties in the observational data permit only 


ler of magnitude estimate In solar material carbon oxygen, and nitrogen 


constitute about one-third of | per cent of the total mass. But the proportions 


if these elements in the Crab Nebula must be considerably greater, as the Nebula is 
known to be markedly deficient in hydrogen and probably also in helium. The 
Imission of 0-05 per cent of C™ by mass is therefore acceptable, in contrast to the 
vpothetical attributes of the central star. The constancy of the magnitude of the 
Nebula over the past thirty vears is also understandable. The Nebula will decay in 
rightness with the same half-lifetime as (™. It will therefore alter by only about 
ne magnitude in 7000 years: that is, by about 0-005 magnitude in thirty vears, 
whic is undetectable Radioactivity ilso. of Courst iccounts for the radiation trom 
he remnant ot Keplet Ss Stal 
he second peculiar feature of the Crab Nebula is the temperature of the free 
ectrons in the central ymorphous core The gas temperature of the core, as indi 
ited by its colour. is onlv about 7000 ¢ But the temperature of the free electrons 
st be at least 50.000°C in order to obliterate all traces of spectral lines. The 
ibnormallyv high l¢ mpel it ure oft the electrons Is underst indable as they are ol 
| ve origin The decay electrons of (™ have an energy of 0-16 MeV. which 
rresponds to a “temperature of the order of LO" Phe concept temperature — 
c } strictly applic ible to the free electrons as their distribution is not Maxwellian 
e velocity distribution will be determined by the inelastic collision cross-sections 
with the atoms of the Nebula. However, so far as the obliteration of the spectral 
EPS 18 neerned. the only requirement Is that the electrons should he fast 
he third teature ot the Crab Nebula which needs elu dation is the relative 
ensities of the spectra nes observed in the outer filaments. This spect ot the 
roblem would require a detailed treatment beyond the scope of this contribution, 
Du he writer would like to draw attention to one point he atom resulting from the 
1ecay f one of the isotopes in Table Wl In general, be lelt 1 in excited state and 
s emission lines may be enhanced to a detectable degree in the spectrum of the 
Nebu “he ohtest lsotope Be ike a Isotopes intermediate between helium and 
carbon in atomic welght. is expected to be very rare t is therefore not surprising 
that its decav product boron has not been detected in the spectrum of the Nebula 
‘he isotope K* is also expected to be rare and its lifetime is very long: one would 
not therefore expect to detect its decay products argon and calcium The most 
nto nitrogen the lines of singly ionized nitrogen are very strong in the spectra ol 
Hoth the Crab Nebula wna the relic of Kepler Ss Stal The ren ining unst ible Isotope 
n Table 1 is Cl which can decay by f-disintegration into argon or by K-capture into 
sulpnur. The forme tvpe of nuclear transformation Is much more probable but it Is 
the lines of singly ionized sulphur which are conspicuous in the spectra of the relics 
of supernovae. The absence of argon lines in the spectra is not surprising as the most 
ntense lines would be in the ultraviolet But it seems difficult to attribute the 
abnormal intensities of the sulphur lines directly to radioactive chlorine. The 
detailed structure of the spectra should. however. be investigated in greater detatl 
and it is hoped that this will be undertaken at University College, London 


The 


wexXt point arising trom the above Consl ie] TIONS IS That It should he possible 


to detect the remnants of pre historic supernovae The ¢ rab Nebula could be detected 


with 


ivailable equipment even if it were fainter by more than 12 magnitudes. It 
july 
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has been shown above that the Nebula IN ¢ pected to fade by only one m iwhnitude 
every 7000 years, and so similar relies of Supernova ofthe past SO0,000 years should be 
detectable. In this time these have been of the order of 200 Galactic supernovae 
but not all will have left relics as conspicuous as the Crab Nebula. Some, like 
Pycho's Star, will have left no visible remains The chance of the remnant being 
conspicuous Is unknown, but unless it is very small some ancient remnants should be 
visible. Oortr (1946, 1951) has suggested that the great loop nebula in ¢ yenus Is 
such a relic of a supernova of some tens of thousands of years ago. The expanding 
remnant has been slowed down by interstellat gas and is now presum ibly a roughly 
spherical shell about seven parsecs In diametet The source of the loop s luminosity 
is unknown. The hy pothesis of a central star leads to the same difficulties as with the 
Crab Nebula; moreover, there is no remarkable star within the loop. Oorr attri 
buted the luminosity to the interaction between the expanding loop and interstellar 
gas. This explanation is, however, untenable as HUMASON (1952) has shown that the 
loop is now expanding only very slowly if at all. The luminosity of the loop, as wit! 
the Crab Nebula, is probably maintained by radioactivity. The spectrun 


loop has been photographed hy Hi VIASON L952 vnd it isa line spectrun somewhat 


similar to that of the filaments of the Crab Nebula Unfortunately HtUMASON 


observations do not extend to sufficiently long waveleneths to reveal the line 
ionized nitrogen and sulphur so prominent in spectra of the Crab Nebu nd the 
relic of Kepler's Stau \nother possible relic of a prehistoric super 
filamentary object recently discovered by BAab! 1952, 1954) in the position of the 


strong radio source in Cassiopela 
Some, though probably not all, radio stars seem to be remnants of old supern 
It has been known for some time that there is a radio star in the position of the (1 


) 


Nebula, and Brown and Hazarp (1952) have recently shown that ther 


in the position ol Tycho s Stal \s mentioned above, there is anothe DOSSID 

of a supernova in the position of the strong radio source in Cassiopeia It theret 
seems likely that there is some connection between radio stars and the re 
supernovae. And so it seems worth while to search tor visible objects in the pos 

of the radio stars and if possible to examine their spectra which may ndicate whethel! 
they are remnants of old supernovae; if so, the lines of ionized nitrogen, and possib 
iso of ionized sulphur, should be prominent The connection between radio 


and the relics of old supernovae is not yet cleal but the presence ot etectrons tron 
radioactive decay may constitute an important link. The decay period of the rad 
CMISSLON may therefore be comparable to that of the radioactivity and so hundre 


ot old supernovae may he detect ible is radio stars 
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BLACKETT for the interest they have show n this work 
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GALAXIES 


La Science de Vhomme est comme une sphe re dont les dimer 
sions croissent ndeéefiniment : \ mesure que son etendue 
tugmente, croit aussi le nombre de ses points de contact 
ivec Vinconnu 

Reflection attributed to BLAISE PASCAL (1623-1662 


Nous ivons beau enflet hos conceptions au dela des 


imaginables, nous n enfantons que des atomes, iu 


espaces 
prix de la réalité des choses. C’est une sphere infinie, dont 
le centre est partout, la circontérence nulle part. ‘ Le 
silence éternel des espaces infinis m/’eftraie 
BLAISE PASCAI Les Penseées La Place de 1 Homme dans 
la Nature Edition: La Pléiade, pp. 840 and 848, Paris, 


1941): ca. 1657 
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An Analysis of the Milky Way 


WILHELM BECKER 


Astronomisch-Meteorologische Anstalt der U1 ersitat Base Switzerland 

SUMMARY 

The question is discussed whether the Milky Wa hows any signs of a spiral structure The brighter 
part of the Milky Way, between Scutum and Carina, seems to be the projection onto the sphere of a 
bright inner spiral arm Ihe position of the Zone i a ydance’ , the apparent distribution f ope! 
clusters and of early B-type stars, as well as the distribution of the apparent diameters of open clusters, 
tend to support this interpretation which suggest i tation of the spiral with the convex side } 

ns in the lead 


Sspira il 


|. THE PROBLEM 


THE Milky Way isa projection of our Galaxy on the celestial sphere of an observe 
situated within this Gialaxy. The appearance of this projection is determined on the 
one hand by the spatial distribution of stars and of continuously absorbing inter 
stellar matter throughout the system, and on the other hand by the situation of a 
terrestrial observer within the system. Hence, from the form of the Milky Way and 
from the distribution of its characteristic components, it should be possible to derive 
conclusions as to its structure in space and as to our own position, without knowing 
the distances of these objects, which so far have mostly not been well determined. 

There has been no lack of attempts of this kind in the past. The best known of 
these is that of Easton (1913). However, they all date from a period during which 
practically no exact knowledge of stellar systems in general was available, and when 
stellar statistics of the Galaxy was still in its infancy. In reality the situation was 
complicated to such an extent, chiefly as a result of interstellar absorption, that an 
attempt to analyse the Milky Way without the wealth of knowledge concerning the 
relevant regions that has now been obtained is doomed to failure. With this know 
ledge, however, it is possible by means of certain considerations, which will be 
mentioned in this paper, to obtain a qualitative understanding of certain features in 
the appearance of the Milky Way and to draw certain conclusions from it. 

We shall start with a schematic description of the main features of a stellar system 
which, in accordance with current ideas, has the most similarity with our own. 
According to present views the Galaxy is a highly flattened spiral of type Sb, 7.¢. a 
system with a well-developed, almost structureless nucleus surrounded by well 
defined spiral arms. In a typical example of this type the mean width of a spiral 
arm in the principal plane is between about 1/10 and 1/15 of the total diameter of the 
system. On the other hand, the width normal to the plane is smaller and also 
decreases somewhat with increasing distance from the nucleus. The Sun is nearly in 
the principal plane of the system, and considerably nearer to the edge than to the 
centre (the distance ratio is of the order of 1: 2). A radius drawn within the plane 
intersects three or four times a spiral arm, apart from possible unresolved arms close 
to the nucleus and possible very faint arms in the outer regions. The surface lumi 
nosity of an Sb spiral is greatest in the nucleus and diminishes as one goes out along a 
spiral arm. The presence of star clouds in the spiral implies a more extensive real 
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2. THE IpraL Miiky Way 


AY ecting for. the moment these admittedly very lnportant departure the 


STE] 


lar densities and distances from a “terrestrial” observer produce 


a picture of the width and brightness of the Milky \\ L\ which he sees the charac 
teristic features of which are due to its spiral structure Such an ideal synthetic 
Milky Way. constructed from these considerations, is shown in Fig. 2: its main 
features are somewhat exaggerated. The position of the observer for which it has 
heen derived is marked in Fig. 1. 

The ideal Milky Way consists. in the first place, of a short bright portion, which 
projects asymmetrically along the central plane into the nucieal region. This part 
represents an inner spiral arm, which is close to the nucleus and therefore bright, as 
seen from a point situated further out. The bright portion of the ideal Milky Way 
is bounded by the two tangents drawn from the observer to the inne} spiral arm as seen 


in Fig. 1. The remainder of this ideal Milky Way represents a spiral arm which is furthe: 


At its 
two points of contact with the bright portion of the Milky Way this arm is at a great 


ind therefore less bright as seen ly an observer situated on its ine) side. 
distance from the observer, but in the direction of the anti-centre it is in his immedi 
ite neighbourhood. It follows that, near these points of contact, the ideal Milky Way 
is very narrow, while in the direction of the anti-centre it will be broad, but of low 
surface brightness. These systematic features of the ideal Milky Way are qualitatively 
the same for a wide range of positions of the observer and of special types of systems. 
In reality, however, the resolution of the spiral arms into clouds and the presence 
of interstellar absorption prevent the appearance of an ideal Milky Way. The 
possible forms of distortion which may be imagined are endless and there would be 
no point in discussing them. However, it appears appropriate to ask whether ou 
own Milky Way still shows observable features which may be correlated with those 
of the ideal Milky Way. The large width and low surface brightness in the region of 
Taurus and Orion, 7.¢. in the direction of the anti-centre, may certainly be men 
tioned amongst these. This agreement. however, does not tell us much. On the other 
hand, it would be significant if one could find in our own Milky Way an analogue of 
the bright portion of the ideal Milky Way with its characteristic discontinuities in 
width and surface brightness at the boundaries A more detailed analy sis shows that 
there are arguments for the identification of the region between the Carina star 
cloud and the Scutum cloud with the bright portion of the ideal Milky Way. The 
relevant angles in Fig. 2 have therefore been chosen to correspond with these clouds. 


The irguments are as follows 


3. THE SURFACE BRIGHTNESS OF THE MILKY WaAY 


From Carina to Scutum the Milky Wavy possesses extended structures of much 


) 


higher surface brightness than anywhere outside this bright region (Fig. 3). In 


particular, the adjoining regions in Vela and Aquila have low surface brightness. 
According to Bok (1952a) this low brightness in Vela is certainly not an effect of 
intervening absorption. In Aquila, however, the discontinuity in surface brightness 
at the edge of the bright portion may be seriously distorted by the extended dark 
cloud investigated by WEAVER (1949 Nevertheless, the uncertainty of this effect 
could not have caused a reversal of the asymmetry mn the projection of the inner 
spiral arm into the nucleat region The reason fol this Is that the ( arina boundary 
at 4 255°) is at such a distance (about 70 from the direction to the centre (325). 
that this part of the bright Milky Way could not possibly be the smaller portion of the 
asymmetric projection of the inner spiral arm onto the nuclear region. The argument 
mentioned below in Section 4 speaks In favoul f the reality of the boundary In 


Scutum. 


$, THE ZONE OF AVOIDANCE 


If it is true that interstellar absorption occurs mainly in the spiral arms, it follows 
that the extent of the ‘zone of avoidance” in galactic latitude is in its broad features 
a measure of the distance of the particular spiral arms in which the absorption 
essentially occurs. Hence, on the basis of the model illustrated in Fig. 2, one would 
expect that the width of this zone should be sharply reduced at the boundaries of the 


bright portion of the Milky Way, i.¢. at the transitions from Carina to Vela and from 
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Scutum to Aquila, respectively. In the first region the extent of the zone of avoidance 
is unfortunately not yet known; in the second region the observations do indeed show 


the expected behaviour very clearly, as illustrated in Fig. 4. 


5. Tue DIstRIBUTION OF OPEN CLUSTERS 
The apparent distribution of open clusters (in COLLINDER’S Catalogue, 1931), which 
are typical representatives of the population in spiral arms, show certain special 
features which may be interpreted according to our view. The 171 open clusters 
between Carina and Scutum have a well-marked consistent distribution with strong 


concentration towards an axis of symmetry inclined at about 3° to the valactic 
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equator (Fig. 5). The 295 open clusters of the remaining Milky Way show a rathet 
strong concentration towards the galactic equator in some regions (Cassiopeia), but 
not in others (¢.¢. towards the anti-centre). These differences gain in emph isis, if one 
compares the galactic concentration in the bright portion of the Milky Way with that 
in the adjoining regions as shown in Fig. 7. The sharp maximum in the distribution 
curve for the bright portion of the Milky Way is completely absent in the adjoining 
regions of Vela and Aquila, from which it appears that in these directions, after one 
has passed through our own nearby spiral arm, the next arm is at such a great distance 
that its open clusters have not yet been discovered. The special situation of the 
bright portion of the Milky Way also appears in the statistics of the apparent dia 
meters of open clusters, a criterion of distance which is relatively undistorted by 
absorption. It follows from the model illustrated in Fig. 2 that the frequency distri 
bution of apparent diameters is a function of direction. Fig. 8 shows these distribu 
tions in the directions towards the centre, towards the anti-centre and at right angles. 


In each case the range of longitudes was chosen to diminish with decreasing cluste1 
yy - 


diameter, in order to make the data more precise. (Diameter 25°: 180 17 D 


L260": 42-17 >) SO: 11’: 60°.) The diagram may be interpreted as follows 


\l \\ 


the density varies uniformly in the direction of the anti-centre and at right angles 


to it, whereas the variation in the direction of the bright portion of the Milky 
Way reproduces the effect of leaving our own spiral arm and of entering another, 
ner arm which Is estimated to begin ata distance ot LOOO Parsecs, taking the 


linear diameter of an open cluster as 5 parsees 


Vi 
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und thus leads to the same conclusions. We use the data de ed by CHARLIER (1926 


different intervals 


‘OL. 
956 


\\ I B Lovl 


Table | shows the numbers of stars for two intervals of magnitudes and twelve of 
longitude Since the ninth magnitude stars may not have been completely recorded 


re also given as a check for the A stars 


in the Draper Catalogue, the star numbers ; 
which, of course, are subject to the same incompleteness Kor comparison W ith the 
early-type B stars the table also gives the numbers of open clusters with large 
apparent diameters (corresponding to the upparently bright B stars), and those wi 
small apparent diameters (corresponding to the apparently faint B stars). It is seen 
from these figures that the nearby bright B stars along with the ne arby \ stars, have 
practically the same abundances in all calactic longitudes as the large clusters The 
faint B stars on the other hand. along with the small open clusters, are much more 
abundant between Carina and Scutum than in the rest of the Milky Way, thus illus 
trating the uniform character and the special significance of this bright portion 
these features are just such as one would expect in the projection of the inner bright 
spiralarm. The faint A stars which, owing to their small luminosity. are not further 
away than the bright B stars, show that the behaviour of the faint B stars cannot 
have been caused by the incompleteness of the records of faint stars in the Draper 
Catalogue. This is shown by the fact that the distribution of the faint A stars is just 


is dependent on longitude as that of the bright A stars 


by fixing the boundaries of the projection Ol the inner bright spiral ar it ahout 
255° (Carina) and 355° (Scutum.) it is possible to estimate the distance of this spi 
um from the Sun. It appears to begin about one-sixth of the way from the Sur 
centre. 7d. it a distance somewhat oreater than | kiloparsec The f 

resolved into star clouds may well mean that its distance where it begins in ¢ 

or Scutum is not much greater than in the direction towards the centre Sagitt 

The distances of these clouds. as determined by methods of stellar statistics. are st 
partly rather uncertain Bok (1952b) gives a distance of 1-5 kiloparsees for the cloud 
ot ind B stars in Carina with a vers lara extension in depth taking into cr 

the effect of absorption Kor Scutun nd Sagittarius the only determinatior 
available take no account of absorption, but it should be remembered that the effe 


1 | 


ol ibsorption in these regions, which have a high star density, cannot be very large 
\ccording to SCHALEN (1935) the centre of gravity of the Sagittarius Cloud is at a 
distance of 2 kiloparsecs, that of the Scutum Cloud with large extent in depth 


Ae | kiloparsecs at a distance ot > 7 kilop LVSeCcsS 


Certain kinematic consequences may be deduced from the positions Of the boun 
daries of the bright portion of the Milky Wav. These data. combined with the known 
direction of revolution of the Sun around the galactic centre (7 oo determine the 
sense of rotation of the galactic spiral. \s may be seen in Fig. |, if the smal// part o! 
the asvmmetric projection of the innet spl il arm is on the same side of the direction 
towards the centre as is longitude 55°, then the convex sides of each spire | arm leads 
in the rotation. In the opposite case the concave side leads. \ccording to our decision, 
the smaller part from Sagittarius to Scutum is on the same side of the central direction 
as is longitude 55°. Hence the convex side of the spiral arms is leading. 

It is probably not necessary to mention explicitly that the model put forward 
here is open to certain objections. It might be asked what would remain of the 


bright portion of the Milky Way if parts of the bright nuclear region had been 


erroneously included. It may be that the “zone of avoidance” is actually so 


Ml Wa 


plicated that even parts of it cannot be interpreted in such a simple manner as 


is been done here. Doubts might be east on the applicability of the apparent 


diameters of open clusters to our statistical argument, since they are subjected to 
inknown systematic errors, depending chiefly on the density of stars in their 
immediate surroundings. 
Finally it is not possible to give a convincing refutation of the view that the 
decisive factor in the appearance of the Milky Way is interstellar absorption, in 
which case an analogy with the ideal Milky Way is obliterated.’ 

In spite of these considerations I have put forward this extremely simple model as 
in attempted analysis of the Milky Way, because it seems to me to be a usable 
working hy pothesis in a field where investigations made without a concrete picture 


ire liable to drift into diffuseness 
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Milky Way Structure in Sagittarius and Carina 


A Study in Contrasts 
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|. INTRODUCTION 
QuR Galaxy is in all probability a spiral of type Sb. The Sun is located at not less 
than S000 and no more than 9000 parsecs from the galactic centre, which lies in 
Sagittarius toward longitude / 325° to 330°. Our Galaxy seems to have an extended 


nucleus with its outer edge at a distance of not more than 2000 parsecs from the Sun. 


W 


The presence in all directions in the galactic plane of luminous W, O, and B stars, 


extended emission nebulae and plentiful cosmic dust, all of them excellent “spiral 


tracers” when seen in nearby galaxies, offers abundant proof that the Sun is located 
in the region of spiral structure of our Galaxy. The work of MorGan, Nassau, and 
their associates on O and B stars and hydrogen emission nebulae (1952) and of 


S GLOBULAR CLUSTERS, 
NOVAE, © PLANETA 


Kig. | h or the Sagittarius-Scorpi ! 1e rt wi drawn vy by 


Mrs. SIMONE DARO-GOSSNER to the scale of t toss-Calvert Atlas of the Milky Way and 
matches Plate 4 of the Atlas. Broken lines ate sht ascensions and declinations for th 
epoch 1900; solid lines give ¢ etic longitude and latitude 


OorT, VAN DE Hutst, and MULLER on 21-cm hydrogen radiation (1952) has given us 
the first firm indications as to the probable pattern of the spiral structure, but the 
task of actually tracing in detail the spiral arms has only just begun. 

In an attempt to explore the structure of our Galaxy, we naturally turn to com 
parative studies of the brightest sections of the Milky Way. The star clouds in 
Sagittarius and in Carina, the first at / = 329°, } f° in the general direction of 
the galactic centre, the other at / 255°, b 0, are among the brightest Milky 


Way features. They were made the subject of a special investigation begun three 


\I Wa tructure n sa ttarius ana ¢ 


vears ago at the Boyden Station of Harvard Observatory in South Africa (Bok, 
1952 In this research the Armagh-Dunsink-Harvard telescope of Baker-Schmidt 
design played a basic role and also the 60-in. Rockefeller reflector with its photo 
electric photometer and the Stone spectrograph (dispersion of 65 and 130 A per mm 

H; For photographic work on the colours and magnitudes of the brighter stars 
the 10-in. Metealf refractor proved useful. We shall report here on some of the first 
results obtained from the recent Boyden Station studies, Incorporating in our analysis 
ilso the results of othe investigations. We shall especially wish to stress the contrasts 


that exist between the structure in Sagittarius and in Carina (Fig. | 


2. THE LARGE SAGITTARIUS CLOUD AND SURROUNDINGS 


‘he Large Sagittarius Cloud. at / 329°, b f-. is richer in faint stars than any 
other section of the Milky Way. It is beautifully shown near the centre of Chart 4 in 
the Ross-Calvert Atlas of the Milky Vi ay. Photo-electric colours for the BO-B5 stars 
in this part of the sky have been published by Bok and van WiJK (1952): they 
show that the total overlying absorption for photographic light for the direction ot 
the Large Sagittarius Cloud is of the order of I'S at 2300 parsecs from the Sun. 
Recent measures by Miss OLMSTED of colom indices derived trom a comparison 
between photographic and photo-red magnitudes of stars of known spectral type 
indicate slightly lower values for the total absorptions, but the averages depend, of 
course, very much on the precise location of the stars—especially for a field over 
which the absorption is quite irregularly distributed. For this same direction, BAADE 

1946) deduces (from the similarity of colour for the globular cluster NGC 6522 and 
the surrounding star field) that the total photographic ibsorption between the Sun 
und NGC 6522 amounts to 2"'S at a distance of 8700 parsecs One-half to two-thirds 
of this obscuration is probably accounted for within 2000 parsecs of the Sun, thus 


suggesting that the remaining HO00 to TO00 parsecs th it separate us from the calactic 


centre are relatively free of cosmic dust 


To the west of the Large Sagittarius Cloud, along the galactic equator, there is a 
dense network of nearby overlying obscuration associated with the Ophiuchus com 
plex of dark nebulae. The few available B stars are quite reddened, with the indicated 
total photographic absorption for several running as high as 5™ at distances of 
only a few hundred parsecs from the Sun. In ordinary photographic or visual light. 
the dense obscuring clouds at / 320° to 330° and for b 3. 0 3 effectively 
hide from view the more distant portions of our Galaxy. The Milky Way structure 
beyond these dense obscuring clouds may, however. be observed with the aid of the 
fast Eastman IN plates, or by photo-electric means; we refer the reader to the article 
by DUFAY on ). 1539 in this Volume. We note here that Duray’s analy sis confirms 
the suggestion by Bok and vAN Wik that the central ~ tions of our Galaxy are 
relatively free from interstellar obscuring material. 

Eastward from the Large Sagittarius Cloud (at 6 6° to 10°) we come upon 
a region free from excessive obscuration, where distant objects are observed in 
abundance. The total photographic absorption as derived rom the observed colour 


excesses of the globular clusters (STEBBINS and WHITFORD, 1936) for / 325° to 
330°. h 10° is no more than 2™, | Photographic photo-red| colours measured 
bv Miss Hott for a field at / 329°, b S° vield a total photographic absorption 


of not more than 0"'4 at 1000 parsecs from the Sun 


The surface distribution of globular clusters is quite striking. On Ross-Calvert 
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Chart No. 4. we find the following numbers of globular clusters between the indicated 


galactic latitudes (Table 1): 


/ 
5° to | ry 
ft to 6 } 
ay te 10) 5 
south of LO iy 


The appearance of a globular cluster is in itself an indication that the obscuration 
for that particular direction is sufficiently small to permit observation of objects to 
distances of at least 3000 parsecs from the Sun, and in most cases farther away. If 
no globular clusters are found in a direction for which they might normally be expected 
(as for b 5 to +’), then the most likely interpretation is that dense nearby 
obscuration shields the clusters from our view. 

We find for the direction of the Large Sagittarius Cloud a mild concentration of 
O—B2 and B3—B5 stars, which probably indicates only that, for its latitude, the Large 
Cloud is the most transparent section of the Milky Way between / 320° and 
l 335 . There is a comparable concentration near / 320 . 0 2°, but it is 
caused almost entirely by a grouping of nearby galactic clusters, one of them Messier 6. 

With the aid of ADH plates of 60-min exposure in blue and in red light, Dr 
HorrLeiT has made a special search for hydrogen emission nebulae in the rich borders 
of the Milky Way at 1 320° to 330° and b t+ to 8°. While there is much 
filamentary dark nebulosity, and some reflection nebulosity, there is no evidence for 


diffuse Hz emission nebulae larger than 2’ in diameter (Figs. 2 and 3). 


On the other hand, the high concentration of faint planetaries for / 320° to 335 
and b 5° to 10° is shown clearly by MINKowskKt’s diagrams on pages 26-27 
ot Michigan Publications. 10, The Zone between h 5 and 5 appears to be 


quite devoid of faint planetaries, probably, as for the globular clusters, because of the 
dense nearby overlying obscuration. MINKOWSKI supposes that the faint planetaries 
are of Population II, in contrast to the Be stars. which are of Population | and which 
do not show the concentration toward / 320° to 339 . 

We turn now to the Cepheid and cluster-type variables. Table 2 shows the distri 


bution of periods and median magnitudes for the known variable stars in the section 


between ¢ 17h 45™ to ISP 45m, 6 28° to 38 
Table 2. Distribution of known Cepheid- and cluster-type 

variables for the Large Sagitta s Cloud and surroundings 
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(‘epheids is as striking is is the abundance of clustet type 


] 


eS f we keep in mind that the longest-period Cepheids are mostly W Virginis 


~ WW aa that we have here in ilmost perfect example ota Population 11 


the above listing we should add the results of the surveys by BAADE and SS. 
}APOSCHKIN \ccording to a private communication from Baapdkg (1950), the 
listribution in median magnitude for the central portion of the field (radius 15/8 
NGC 6522 is as follows (Table 3 
7 is ~ 
( stribution of the fain riable stars over the section of the Milky Way undet 
sideratiol SWoPE. 1935. 1938S PLAUT 1948S) can read V be understood on the 
soft the absorption summary a ead\ o1Ven \gain the ¢ fect of heavy obscuration V 
et wee () na ) Ss qui marked l 
if surface distribution f the novae mirrors that of the globular clusters. For 
ieee ' 221) to 335. the novae have been mostly observed between 6 3 
nd A It has. of course. been known for many vears that the Sagittarius section 
if the Milkv W s richer i e than anv other sectio1 
The total evidence presented here seems to confirm the hypothesis that the 
| rge Nagi e ( ud is an edge otf the nuclear region Of Oul Galaxy relatively 
free from overlying obscuration. It differs from all other rich sections of the Milky 


Wav by the obvious preponderance of Population I] objects. The overlying veneet 


Population I does not seem to reach to distances greater than 1500 parsecs rom 
the Sut 
\1 wnalVsis DV HEESCHEN for the least obscured regions s uth of the valactie 


circie SNOWS th it the average space densit\ ot the Bs \QO stars within LOOO parsecs 
from the Sun fluctuates around 0-07 to 0-10 stars pel LOOO cubs parsecs. In this part 
f the Milky Way. the Henry Draper Extension is complete to m 11-5 and the 
dropping off in relative numbers of the BS—A0 stars relative to other spectral classes 
indicates that. for the B8—A0 stars. the star density drops sharply somewhere beyond 
1000 parsecs from the Sun; this dropping off in star density at greater distances 
cannot be explained wholly is an effect ol valacti latitude Ou avallable spectral 
data are insufficient to show what ty pes of stars are responsible for the increase in stal 
density that is indicated by general star counts for distances of the order of 2000 parsecs 


from the Sun, but infrared photographs suggest that the large numbers of faint 


stars are almost certainly of the Population 1] variety 


3. THE CARINA SECTION OF THE SOUTHERN MILKY WAY 


The section under investigation 1s between / 250 ind 263 h 5 to 5 
it is centred on the magnificent emission nebula near » Carinae (/ 255°). Photo 


electric colours are available for O ind B stars from two sources QQOSTERHOFI 1Q5] 


and Bok and vAN Wisk (1952) (Fig. 4 


The most transparent section is near S.A. 193 between / 260 and 263 . where the 
() and B star's indicate a total photog phi ubsorption of Ll at 2500 parsecs 
Photographic phot »-red) colours of B5—A5 stars measured by Miss OLMSTED and 
KNOWLES indicate absorptions amounting to no more than O'6 at L500 parsecs, 
Determination of the colours of faint ( epheids is still in progress, photographically 


by Miss OLMSTED and by phot »-electric methods jointly by LINDSAY and Bok, but the 
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first preliminary results of Miss OLMSTED and KNOWLEs indicate for S.A. 193 an 
average absorption of the order of 0O''4 per kiloparsec to a limiting distance of 
2000 parsecs. 

For the section including the 7 Carinae nebula proper, the overlying absorption 
seems somewhat variable. At / 200 /) | directly S of the nebula, the 
observed total photographic absorption amounts again to only 0"6 at 1700 parsees 


at / 255°, 0 ae directly NV of the nebula, the corresponding total is 20 at 


I 


1700 parsecs. In the region of the bright nebulosity the situation is somewhat 
complicated: the most luminous supergiants show the greatest reddening. This 
result recently obtained by Dr. Horruerr from an analysis of the photo-electric 
material has been tentatively confirmed from photographic photo red colours by 
Miss OLMSTED and Miss STEINMAN 


At 7 250° to 253°. there is considerable overlying absorption, notably .V of the 


galactic circle where 2''7 at LOOO parsecs Is indicated for some spots. 


Milky Way 


Phe Carina section is remarkably rich in objects commonly identified as belonging 

» Population I. It is richer than any other section of the Milky Way in W and O 
stars. in early B stars and in B5 to A5 stars. Emission nebulosity of all types is 
present in the section. Regular galactic Cepheids are plentiful, as are galactic 
clusters. But short-period cluster-type variables are comparatively lacking and 
olobular clusters are absent. 

The great concentration of O—B stars is clearly centred upon the emission nebula 
near 7) Carinae and the W stars are apparently part of the same association (PAYNE, 
1930). Our recent Harvard counts confirm the earlier conclusion by PANNEKOEK 
1929) that the centre of the concentration of the B8S—AO stars does not coincide with 
that of the early B stars. The greatest B8—A0 concentration is found near the galactic 
cluster NGC 3532 at / 257° 50 |’, and continues almost to S.A. 193 at / = 261 

(. HEESCHEN has analysed the density distribution in depth for the B8S—A0 
stars of the Henry Drape Extension near S.A. 193, using the same absolute magni 
ides and dispersions as were used for the Sagittarius analysis. He has found the 
Stal density, defined as before as the number of stars pel LOOO cubie parsecs and. 
iwaln. corrected fo absorption, to be equal to 0-15 at 400 parsecs, then rising to a 
naximum of 0-32 at L000 parsecs, followed by a dropping off at greater distances. 
In no other section of the Milky Way is there a suggestion of space densities corrected 
for absorption and within 1000 parsecs of the Sun that run as high as those for 
S.A. 193 these results are not sensitive to the assumed ibsorption, Unpublished 
results by HOrFLEIT and Lippincott show that the 15 stars are also very much con 
centrated to the Carina section, with very high density within 1000 parsecs from the Sun. 

We already noted that the O and early B stars are concentrated in the 7 Carinae 
neb ilosity Distance estimates for the centre of the O-B concentration vary between 
1300 and 1500 parsecs, with the author's preference going to the higher figure. The 
Q and B stars are evidently considerably farther away from the Sun than the point 
it which the space density for the BS—AO stars equals three times that near the 


Sun and we must conclude that the two concentrations are distinct from each other. 


TRUMPLER (1930) lists twenty-one galactic clusters for / 250° to 263°, b D 
to 5, whereas on the average only twelve would be expected for an interval of 
13° in galactic longitude between 6 5 and » 


The data for the distribution of periods and magnitudes of Cepheids and cluster 
tvpe variables in Carina may be contrasted with the comparable data for the 


Sagittarius section: Table 4 refers to the section between z toh JOM to TL! 40m, 
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Nowhere along the Milky Way does one find a purer sample of Population I 
variable stars ! 

Dr. HOFFLEIT has catalogued in the Carina section no less than seventy separate 
nebulosities and distinctive “satellites” of the larger nebulae. Practically all of the 
larger diffuse nebulae are apparently Hz emission objects. She estimates that there 
are, in addition, no less than 150 small dark nebulae *‘globules” and also at least ten 
conspicuous large dark “holes” in rich star fields, indicating the presence of many 
dark units with diameters running from a few thousand astronomical units to a 


parsec or more, 


$4. CONTRASTING THE SAGITTARIUS AND THE CARINA SECTIONS 

The Large Sagittarius Cloud appears to be pure Population II with a thin overlying 
Population I structure, whereas the Carina section has all the characteristics of a 
Population | distribution. When we first began our study of the Large Sagittarius 
(‘loud and of the bright edge of the Milky Way stretching southward toward Scorpio, 
we had rather expected to find some evidence for a clear-cut overlying Population | 
structure for at least part of the Sagittarius-Scorpio section. From the position of the 
Sun with regard to the galactic nucleus, it seemed likely that portions of one or two 
spiral arms would be seen projected against the central parts of our galaxy. We 
photographed the brightest edge of the band of the Milky Way in Sagittarius-Scorpio 
(/ 320° to 335) assiduously with the ADH telescope in blue and red light (exposure 
times one hour), but found hardly any Hz emission. With Eastman 103a-O plates 
for the blue and Eastman 103a-E plates and a Wratten 25A filter for the red, we had 
already obtained one-hour exposures for the Carina section that were very rich in 
emission nebulosity, leaving no doubt about the power of the ADH to record the 
emission nebulae. Subsequent work showed that we had been wrong in pressing the 
search along the brightest edge of the Milky Way, which, for / 320° to 335°, lies 
between } tf and 6°. The evidence for spiral structure and Population | 
was to be found in these longitudes at 6 a° to |”, where heavy obscuration 
prevails ! 

The extended search for Hz emission nebulae was made with a 3-in. [1-5 Zeiss 
Sonnar lens, on loan from Mr. RicHARD S. PERKIN, fitted with a Corning 2403 red 
glass filter and a Baird interference filter with a pass band of 50 A centred upon Hz. 
In a preliminary report, Bok, BEsTER, and WADE (1953) find evidence for at least 


sixteen certain regions of Hx emission between / 300° and 350° and there are 
possibly ten additional less luminous regions of Hz emission. But not a single one of 
these nebulous patches falls outside the zone 6 3° to 3° and the majority 
are within | of the galactic circle. Between / 320° and 330° these emission 


regions would probably have been seen projected against brilliant distant nuclear 
star clouds if at 6 3° to + 3° the local obscuration had not dimmed greatly the 
light from the central portion of our Galaxy, while still permitting us to view tho 
relatively nearby spiral phenomenon (Figs. 5-10). 

In contrast we observe in Carina between / = 250° and 263° a section of the 
Milky Way that is transparent and densely packed with Population I. Here we are 
obviously observing either along a spiral arm or in the direction of a dense and 
major “knot” of a spiral arm of our Galaxy. Two features are worth noting: 

(1) The apparent edge to the spiral arm at / = 250° (in Vela) seems real and not 


caused wholly by the encroaching Vela dark nebulae complex. 
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to round out the research on the spiral structure of ow Galaxy as observable in 
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Way structure in Sagittarius and Carina 


‘mission spectra of the faint nebulae should also be studied. From researches of this 
| 


type the spiral pattern of the southern Milky Way will almost certainly emerge. It 
should be possible to check the pattern with the aid of studies of profiles of the 
21-cm line from neutral hydrogen (OoRT, VAN DE HuLstT, AND MULLER, 1952).* 

Currently the interpretation that meets with greatest favour seems to be one in 


which the Carina concentration of O and B stars (and the numerous long-period 
galactic Cepheids) are part of an inner spiral arm distinct and wholly separate from 
MorGAN’S northern spiral arm; our Sun is supposedly located at the inside of the 
nearest of MORGAN’s (1952) northern arms. While this schematic representation has 
much to recommend it, we should, however, continue to bear in mind that HEESCHEN’S 
work on the density analysis for the BS—AO stars for the Carina section indicates, as 
we have already mentioned, for / = 250° to 263° a gradual increase in the space 
lensities of the BS—A0 stars until, at 1000 parsecs from the Sun, the space density 
equals at least three times the value near the Sun, which is the highest value for the 
space density of B8S—A0 stars found anywhere. Instead of there being an indication 
for the existence of a gap between our Sun and the spiral “knot” centred upon the 
», Carinae nebula, we find a firm bridge of high star density stretching from our Sun 


to the spiral knot. 
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Infra-red Photography in the Milky Way, particularly in Sagittarius 


JEAN Duray, JOSEPH-HENRI BiGAay., and PIERRE BERTHIER 


Observatoires de Lyon et de Haute Provence (Basses-Alpes), France 

SUMMARY 
Radiation in the near infra-red is used to obtain direct pl tographs in the direction of the galacti nti 
Eastman IN plates and films were chosen, hypersensitiz with ammonia, and combined with Ilford 
No. 207 or Wratten No. 87 filters, covering a spectral range from 7500-8900 A, or 8100-8900 A, respec 
tively. Exposures from 60-120 min., made with a smal amera lens and with Schmidt cameras (f 2 
disclosed an intense and large irregular cloud, whic! inconspicuous in blue light. This cloud was almost 
resolved into stars with the Schmidt camera of the Observatoire de Haute Provence 

Photometric measurements in three olours (blu ! 1, and intra-t 1) « piat i lardaized Ww 
tube sensitometer gave the isophotes of the eloud,. On ertain assumptions, the absorption in front of the 
star cloud could be estimated. For an absorption of 5-1 magnitudes in blue light (2 ~ 4260 A) an upper 
limit was found for the absorption at 6560 A 2™)) and at 8300 A 1g 

This new method of research is now applied to various regions of the Milky Way in Aquila, Cygnus 


and Orion 


1. INTRODUCTION 


I'v is natural to make use of the relative ti insparency of interstellat space in the neal 
infra-red, when an attempt is made to reveal stars which are invisible in blue light 
In this way, by isolating a fairly large spectral region around 1-030, STEBBINS and 
WHITFORD (1947) brought to light, using a photomultiplier, a maximum of emission 
in the direction of the galactic centre. Shortly afterwards KALINIAK, KRASSOWSKY, 
and NIKONOV (1949, 1951) succeeded in photographing a bright cloud in this region 
by means of an electronic image converter using a spectral region centred on 0-98y. 

It would clearly be much simpler to photograph the sky directly on an emulsion 
sensitive to the near infra-red, but plates going out to lw are practically useless 
because of their lack of sensitivity. Eastman IN plates, although much more 
sensitive. only allow observations to be made below 28900 A, and in this region the 
interstellar absorption is, of course, stronger. The flattening of the absorption curve 
in the infra-red nevertheless justifies the view that this difficulty is not perhaps 
very oTave. 

The variation of the interstellar absorption with wavelength is, however, only one 
of the elements of the problem. It is necessary to take into account also the light of 
the night sky, arising mostly in the high atmosphere, which creates a veneral back 
sround of light and reduces the contrast between dark and light regions of the 
galaxy. 

MEINEL (1950a, 1950b) has shown that from 6900-8900 A the spectrum of the night 
sky is made up entirely of vibration-rotation bands of the OH-molecule and one band 
of O,. The spectrum has been photographed further into the infra-red by KRASSOVSKY 
(1949, 1950), using an image converter: the bands thus observed are also attri 
buted to OH (DuFray,. 1950a, 1950b) and another band of O, is almost certainly 
present. The accord between the intensity measures of MEINEL and KRaAssovsky, 
whose observational data overlap in a region of the spectrum, enables the relative 
intensities to be evaluated of the emission bands of the sky from 7000—12,000 A, 
The continuous spectrum, which is very feeble, can be neglected in the infra-red. 


It appears from these observations that the brightness of the sky is certainly much 
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smaller at ASLO0 A than at 9800 A. This advantage compensates, at least in part, for 


the difficulties resulting trom the increase in interstellat absorption at the shorter 


wavelength. 


2. RELATIVE EFFICIENCY OF DiRECT PHOTOGRAPHY AT SLOO A 
AND OF THE ELECTRON TELESCOPE AT 9800 A 


{n approximate calculation enables the relative efficiencies to be assessed of the 

following two arrangements: one IN plate with a suitable filter; and an image 
converter used with a different filter. 

To determine the night sky light it suffices to multiply the intensities of the bands 
by the ordinates corresponding to the curve representing the spectral sensitivity of 
the receiver with its filter, and to sum the resultant products 

For the continuous spectrum of the stellar clouds one can assume a reasonable 
energy distribution. fo example that of a black body at 6500 K. and to take account 
of the absorption by using the curve of STEBBINS and WHITFORD (see WHITFORD, 
1948 The ordinates of the energy curve as modified by the absorption are multiplied 
by those of the sensitivity curve and the area under the product is evaluated, 

The spect! il sensit ivit\ ot the image converte! together wit h the filter which was 
used, has been published by Russian astronomers (IKKALINIAK, KRASSOVSKY, and 
NiKONOV, 1949, 1951). The sensitivity curve given by Eastman Kodak has been 
ipplied to the 1N-plates. and we have multiplied this by the transmission of the 


+ 


Ilford 207 filter as measured with a Beckmann spectrometer? V 
In this way the intensity ratio Sky/Star-Cloud can be obtained in arbitrary l 

units. The results are only significant for the comparison of the efficiency of the two 

methods. The follow ing t ible shows the values obtained on three different hy potheses 

as to the photographic absorption dpg. The two sets of values given for the image 

convertel correspond to the band intensities obtained respect tively by one of us and 


by CHLOWSKY (1951 


According to these figures direct photography is better than the image converter 
if interstellar absorption is small. For a photographic absorption between 5™ and 
10™ their efficiencies are similar: for the smaller absorption direct photography is 
slightly better: and asthe absorption increases between these limits. a slight advan 


tage is transferred from the photographic to the electronic method. 


3. Frrst OBSERVATIONS IN THE DIRECTION OF THE GALACTIC CENTRE 
Despite the uncertainty of the data. the foregoing calculations show that direct 


photography of stellar clouds which are invisible in the blue can be at tempted with a 
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good chance of success using Eastman IN emulsion with suitable filters. We used an 
Ilford 207 filter which cuts off at about 7400 A, and a Wratten 87 which cuts off at 
around 7900 A. The spectral regions used are limited on the long-wave side by the 
drop in sensitivity of the emulsion, and are centred at about 8100 and 8300 A, 
respectively. The plates and films were hyper-sensitized with ammonia before use. 

We planned to observe first of all the region surrounding the galactic centre. The 
first negatives were obtained in May, 1952, at the Observatoire de Lyon with the 
Schmidt telescope constructed by one of us (BiGay, 1945). Its principal characteristics 
are as follows: diameter of the corrector plate 38 em; focal-length 58-5 cm; relative 
aperture f/1-7. Exposure of | hr with the Ilford filter, and of 2 hr with the Wratten 
filter, at once showed the stellar cloud observed by KALINIAK, KRASSOVSKY, and 
NIKONOV with their image converter. Since, however, observations of Sagittarius 
at low altitude are difficult at Saint-Genis Laval. we followed up our attempt at the 
Observatoire de Haute Provence. 

During June we used a small f 2 objective of 80 mm aperture and 160 mm focal 
length by CoJanx, manufactured by the Société Générale d'Optique, which gives 
usable images over a field slightly more than 10° in diameter. The same stellar fields 
were photographed using a IN plate and Wratten 87 filter (75 min exposures 
Kastman LO3BaQO plate (5 min and 10 min), and, finally, Eastman 103aE with Ilford 
608 filter (at least | hr). This last combination isolates a spectral region less than 
300 A wide, centred at about 6560 A (Duray, Biagay, BERTHTER, 1952). 

Figs. | (a) and | (+) are from negative enlargments of two of the plates obtained 
they are taken, respectively, for blue light on 103a0 without filter (5 min), and on 
IN with Ilford 207 (60 min). The great cloud in Sagittarius (which we shall call A in 
conformity with the Russian astronomers) is « onspicuous to the south of the galactic 
plane in both photographs (that is to the left in the figure). The infra-red plate 
however, shows another bright cloud (the cloud B of the Russians), the centre of 
which is a little above the galactic equator 

The dotted lines superposed on the prints are the curves obtained by STEBBINS 
and WHITFORD (1947) by scanning the cathode of a photo-cell across the sky along 
lines of constant declination | apalt. The elliptic area with its majo! aXIs parallel 
to the galactic plane shows roughly the region which is bright in the infra-red 
according to the above authors. In the same way, the solid lines show the isophotes 
corresponding to the brightest parts of cloud B according to KALINIAK, KRASSOVSKY, 
and NIKONOV. 

There is no doubt that the three sets of observations refer to the same object. The 
maxima of STEBBINS and WHITFORD’S curves coincide in a general way with the 
densest regions on the infra-red plate. Moreover, the bright region fits well into the 
isophotes obtained by the Russian astronomers. However, our more detailed photo 
graphs show cloud 6 to be more extended in the direction of decreasing longitude. 


t. RESOLUTION OF THE INFRA-RED CLOUD 
The success of these preliminary observations led us to attempt also to resolve the 
infra-red cloud (DuFAY, 1952; Duray, BIGAy, BERTHIER, TEXEREAU, 1952). Several 
tentative trials with the 8l cm telescope of the Observatoire de Haute Provence 
were unsuccessful; by the end of July the season was already too far advanced for 


the observation of Sagittarius in France, and it was impossible to make long exposures, 


1 Sagittarius 


under the good conditions necessary, with this instrument. On the other hand. 


despite its much shorter focal length. the Schmidt telescope of this observatory. con 


structed by A. ((OUDER, gave excellent results. This instrument had heen hurried], 


remounted and adjusted by J. TEXEREAI . assistant to \. COUDER, to whom the 
taking of the plates was also entrusted. Using hypersensitized IN film, with Ilford 
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207 filter, exposures of | hr were sufficient to give very detailed images of cloud 6 
which was found to be almost completely resolved into individual stars. 

Fig. 2 shows an enlargement of part of the negative obtained under these conditions 
in the densest part of the cloud to the east of 45 ¢ yphiuchi, and Fig. 3 shows the same 
region photographed on 103a0 film unfiltered. An exposure of 10 min already brings 
up with this film appreciable background fog and there is no advantage in a longet 
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Fig ps Enlargement 13-6 ot part ola plate pDtaied with the Schmidt 
Observatoire de Haute Provence, covering the most intense region of t] 1 | 
$5 Ophiuchi); on IN film with Ilford 207 filter, exposed 1 hr 
‘ : 
exposure. Near to the zenith exposures of 15 min can be used: these reveal stars 


of the polar sequence down to 16™5 photographic 


The stars contained within | square degree of the region B, and of region ¢ 


which is the poorest in stars of any part of clouds A and B, have been counted on an 
infra-red and on a blue plate. We find 


in the blue (4 ~ 4260 A), 2192 stars for B and 1270 for C. i.e. a ratio of 1-72: and 


in the infra-red (4 ~ 8100), 3850 stars for B and 1100 for (, i.e. a ratio of 3:46 


The increase of the number of stars in the infra-red is after all essentially a matte 


of the faint stars, which are about five times more numerous in B than in C. whereas 
the ratio for those shown on the blue negative is only 1-5 

Certain stars which are relatively feeble in the blue become prominent in infra-red 
photographs. They mostly belong to class A and their photographic magnitudes lie 
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between S™ and 9™, For example, the following stars have a brightness in the 
infra-red which is comparable with that of 45 Oph (spectrum Fs, m 4-37, 
) $-79 
Tal 2 
» S] HD S) 


9°43 rir) K2 1598s] 7-02 8-3 KO 
157300 S-] 9-5 M4 160371 val val KO 
DSOSS 7-56 8-7 K5 160840 6-79 7-9 Mb 


These must be further reddened by absorption; in particular the first, the most 
brilliant star of the field in the infra-red, has in fact a colour index m m.,, of 


Fig. 3. The same region as that of Fig. 2, photographed with the same instrument, 


n 1O03aO film, unfiltered, and exposed 10 min 


2™]. which is too large for its spectral ty pe. ( ertainly other stars. which do not attract 
immediate attention, must also be strongly reddened, for example, HD 159176 
m 5:71, m 6-1, Oe5) and HD 160839 (m 6°35. m, 7:2, AD). Finally, 
eight of the B stars for which Bok and van Wisk (1952) have recently measured 
photographic colour indices, appear in the field photographed with the Schmidt 
telescope towards the limit of regions A and C. The photographic absorption found 
by these authors varies greatly from one star to the other. It is greater than 2™ 


for seven of them and greater than 3™ for four others. 
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5. PHOTOMETRY 
Kach of the negatives taken with the small Cojan objective had a step calibration to 
enable the characteristic curve to be determined. The calibration was made by means 
of a tube sensitometer using the same filter as on the sky. 
We have completed the study of two blue negatives with exposures of 5 and 10 min 
(A ~ 4260 A), one red negative exposed for | hr (A ~ 6560 A), and an infra-red plate 


also exposed for 1 hr (A ~ 8300 A). A series of tracings has been made on the 


& =-27°6 


0-7 


INFRARED 


I7'SO "40 IP 30 17"20 
Fig. 4. Photometric tracings in infra-red (full lines) and in blue (broken lines). The 
abscissae are right ascensions, while the ordinates are the differences in magnitude from 
the least bright region 


CHALONGE microphotometer along lines of constant declination about 0°7 apart 
2mm on the plates) and, as a check, some tracings at constant right ascension. On 
these negatives, where only the most brilliant stars are individually distinguishable, 
it is easy to trace a “continuous background” by avoiding the peaks produced by 
these stars. The background brightness was measured in this way at 536 points on 
each negative. 


As an example, Fig. 4 shows the tracings corresponding to declinations 27°8 
and — 29°9 on the infra-red plate (solid lines), and on the blue plates (dotted lines). 


The ordinates are the differences in magnitude measured from the least bright 
region of the field (at about « 17h 28m. 6 24°5 (1952). which we call D. 
To the left, at about 175 50™, the western edge of the great cloud (4) of Sagittarius 
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is encountered, the outline of which is similar for the two wavelengths. The infra-red 
negative shows cloud B towards the right; although this is practically invisible in 
the blue, nevertheless the photometry does show very faintly the principal maxima 
in its brightness. The curves for the red are intermediate between the other two, and 
cloud B is just beginning to show. 

From these measures it is easy to trace the loci of maximum and minimum bright- 
ness. If the details of the complex structure of cloud A are ignored, it is possiple to 
trace in the blue two ridges of intensity. The more easterly, which is almost uninter 
rupted, is the brighter and surpasses the region /) in this respect by 0™5—-0™75. In 
the infra-red, the same two ridges are apparent, but in this case the more westerly 
discontinuous streak is on average as bright as the other. 

Cloud B ean also be characterized schematically in the infra-red by two lines of 
undulating ridges. which to begin with extend parallel to the galactic equator towards 
the north, but which tend to join up in the direction of decreasing longitude. The 
easterly one is. on average. the more brilliant. being 0™3—0™5 above DV. Between the 
two there is a darkening of a depth varying from 0™05—-0"22. In the red, one again 
finds a similar structure but it is less marked. In the blue, the brightness in this 
region is much more uniform, and photometry only reveals some very feeble peaks, 
exceeding D) by 0™15 at most. 

Finally, between cloud 6 and P stretches the depression C, which is most marked 
in red and infra-red 

The isophotes, which are much more uncertain, describe very complicated curves. 
They are fairly similar in the three wavelengths in cloud A, but differ significantly in 
B Naturally, it is in the infra-red that the isophotes are best determined in this 


} 


region, because variations in brightness are then large. Although they are more 
detailed, our curves are very reminiscent generally of those of KALINIAK, KRAS 
sovsky, and NIKONOYV. There are, however, differences in some respects; the greater 


extension which we attribute to cloud / towards the south has already been mentioned. 


6. ATTEMPT AT INTERPRETATION 


globular cluster NGC 6522. which is surrounded by 


In the neighbourhood of the 
cloud A, BAAbDE (1946) has found a population of type Il. The colour excess of the 
cluster, measured by STEBBINS and WHITFORD (1936), corresponds to a total photo 
graphic absorption of 2759. Taking this into account, BAADE obtained a distance of 
9000 parsecs for the distance of NGC 6522 from the magnitudes of the brightest stars. 

Thus cloud A would be very near to the centre of the Milky Way. According to 
KALINIAK, KRassovsky, and NIKONOV, whose opinion is confirmed by KHOLOPOY’s 
discussion (1950), clouds A and B may be part of the same system, which may con 
stitute or contain the nucleus of the ¢ ralaxy. Since its apparent diameter exceeds 10 
it would have a linear diameter of the order of 1600 parsecs, which is a possible value 
for a spiral of type Sb. such as the great nebula in Andromeda. On this hypothesis 
depression C' is the result of a very dense belt of absorption which infra-red radiation 
is unable to traverse. Our observations appear to support this point of view, since 
they show for the ridge to the west of A a more pronounced extinction in the blue 
than in the red and infra-red. Moreover, it is near the limit of regions 4A and C that 
30K and vAN WiJK (1952) have found strong absorption for relatively near B-type 
Stars. 


The interpretation of the Russian astronomers can be retained therefore at least 
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as a working hypothesis and we shall adopt it provisionally in an attempt to evaluate 
the absorption in front of cloud B for the three spectral regions which we used. 

Our measures determine, for these three wavelengths, the ratio A between the 
total brightness b,, of cloud 6 and the corresponding value 6, for cloud A. 

For the brightness of A is the sum of two terms: the true brightness V, of the 
cloud, allowing for absorption; and the brightness L of the air-glow. 

Let V, be reduced by a transmission factor 7' ,;, so that the observed brightness is 
N ri 


, then we have 


B,=N,x 7T,+ 1. 


/ 


The brightness of cloud b is obtained in a similar Way and we obtain the ratio 


K = (NpTp + L)(N,T, + L). oe 


{ 1 


The brightness of the air-glow is the same for these two neighbouring regions: it is 
unnecessary to allow for atmospheric absorption as this reduces the observed bright 
ness of A and Bb by substantially the same factor, since they are observed at almost 
the same altitude. 

In order to go further, we assume that the true brightness of the two clouds are 


on average the same. In other words, we suppose that in the absence of absorption 


there would be a single large cloud A Bb, having on average a uniform brightness 
We write therefore Np N, N. and equation (1) becomes: 
T's LIN Kk rs LIN). en 


In order to obtain from this the ratio 7, 7',, it is strictly necessary to know LN. 
A complete photometric study ought therefore to include a determination of the 
brightness L of the air-glow; this could be obtained by measuring the brightness of 
the sky at the same altitude as the stellar clouds and in the same neighbourhood. 

As a first approximation, however, it is plausible to assume that in the very 
opaque region C' the product .V 7’. is small compared with LZ. In other words, it 
is presumed that the whole of the illumination in this region is caused by the air-glow. 
Let A, be the ratio between the total brightness of regions C and A. This new 
hypothesis enables L N to be evaluated in terms of K,. namely: 


LIN rT, A,(1 K,). 


Substitution of this value in equation (2) yields finally 

fgitn kK K (1 kK) (1 K,). 
The approximation obtained in this way is certainly very good in the blue, since 
there region C' is extremely opaque; it may be less satisfactory in the red and infra 
red. By neglecting the product N . fp compared with L, the value of LN is over 
estimated, so that we in fact obtain a lower limit to the transmission 7',,.. Hence an 


upper limit is set to the absorption expressed in magnitudes : 
Am; 2:5 log 7T'p. 


The data and results of the calculations relating to the three wavelengths are set 
out in the table below. The transmission factor becomes 7’, 0-092 for 24260 A. 


corresponding to the total photographic absorption of 259, found by Baabe in 


front of cloud A. Transmission factors of 0™27 for 6560 A and 0™47 for 8300 A are 
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obtained on average from NTI BBINS S and WuHuttrrorp’s curve on the assumption 
which we have already made above, that there is no neutral absorption. The 
adopted 1 itios A and kK, represent the means of our measures at different declinations. 


l 


The rapid increase of LV with wavelength arises from the increasing intensity of the 


air-glow towards the red. As a check it is possible to find from STEBBINS’ and 


l } 
\ / \ k 
1PH0 O-O9O2 ODD O-l 12 O59 O-Q0OSS » 14 
H560 Q-27 OD] 0-29 0-64 O-OH9 ».() 
S300 0-47 O-65 O-S6 0-77 0-166 1-95 


WHITFORD'S curve the absorptions which correspond in the red and infra-red on 
iverage to 5714 in the blue. We obtain, respectively, 2™80 for 6560 A and 1™63 
for 8300 A. These values differ relatively little from those which we obtain exper 


mentally, and show that our results are generally consistent. 


The conclusion from these calculations is that the total ibsorption in front of 


cloud B may he ot the orde} rayl e) 


7? 


in the blue. 3 it the most in the red, and less 


than 2™ at 8300 A. 


i: DISCUSSION 


The relative values obtained above for the transmission factors depend on the 
resumed identity ot clouds 4d and B the absolute \ Ljues VIS cle pend Ola knowledge 


ol the absorption in front of NGI 6522 The assumed « istance of the clouds however. 


is not involved. 

For a distance of the order of 9000 parsecs, the absorptions found are really very 
small, and in this respect the most surprising feature arises from the absorption in 
front of NGC 6522. On the hypothesis of uniform absorption (which is certainly 
false : this corresponds to a coefficient of barely (ym3 pel kiloparsec. 

Recent work of Bok and vax Wik (1952) on the colour indices of B stars in 


Sagittarius has confirmed the existence in this region of dark clouds near to the Sun. 


Thus. In the large cloud A 329 h } BoK ind VAN Wik found a photo 
graphic absorption of 1™6 at 1500 parsecs from the Sun, and of 1™S at 2300 parsecs. 
Towards the western edge of the large cloud (/ 329°. b 2°) the absorption is 
already 2™ at 1600 parsecs: and at the same latitude. but in longitude 327. it exceeds 
3™ at a distance of some hundreds of parsecs. This is the position where there is a 
stal Henry Drape Extension No. 316332). hardly 200 parsecs distant. the light of 
which suffers an absorption ot 6S phot yraphic. The dark clouds in the constellation 
Ophiuchus, which are relatively very close, intervene from there on and must cover 
the cloud B. 

If this cloud is really in the vicinity of the nucleus of the Milky Way, space must 
be very transparent behind the Ophiuchus clouds. The stars photographed in the 
infra-red may therefore be the most luminous K giants of Population II with absolute 
photographic magnitudes of about Im}. With a photographic absorption of 5™ 
their apparent brightness would be less than I8™. In the near infra-red (A ~ S100 A), 
where their absolute magnitude must be around 3™9 and where the absorption is 


n 


less than 2™,. these stars would become brighter than 13! \lthough it is too soon to 
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speak of “infra-red magnitudes’, this order of magnitudes seems entirely compatible 


with our observations. 
In order to obtain the distance of cloud / more precisely, it is necessary in the 
first place to determine the apparent infra-red magnitudes of the stars of which it is 
A 


composed and, secondly, also to attempt to evaluate their absolute magnitude. 


search for Cepheids amongst these stars would be in this respect of part icular interest 


8. STUDIES OF OTHER GALACTIC REGIONS 


Direct photography in the near infra-red of stellar clouds which are usually hidden 
by dark nebulae offers a new method for the study of the structure of the Milky Way. 


We have began to apply it to several regions of Aquila, Cygnus, and Orion. 
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Fig. 5. Large field in Aquila; photographed with the Pet 
a) 103aO plate without filter 
bh IN plate with Ilford 207 filter 


It is convenient to make a preliminary survey with an objective having a large 
tield: we have used, in addition to the Cojan lens of 160 mm focal length, a small 
f/1-9 objective of 90 mm focal length, made at the Institut d'Optique by PENCIOLELLI 
and a f/2:8 Zeiss Pantachar of 260 mm focal length. These lenses have now been 
replaced by a f/0-8 Schmidt camera of 100 mm focal-length, which gives exquisite 
The most interesting regions discovered in this way are 


images over a field of 28 
at the 


afterwards photographed with Schmidt cameras of 59em_ focal-length 
Observatories at Lyon and at Saint-Michel. 

Figs. 5 (a) and 5 (b) shows the very different appearance of the Aquila region on 
blue and infra-red plates (Penciolelli objective, unfiltered 103a0 emulsion, and IN 
emulsion with [ford 107 filter). The two branches of the Milky Way, which are widely 
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The 


same field in infra-red: 


the nebulosities have completely disappeared 
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spaced in the blue, almost join in the infra-red photographs of the neighbourhood of 
Ls Aquilae, and a dense stellar cloud is seen in this region to the north-east and 
south of ¢ Aql. Clear signs of strong absorption can be distinguished between the 
bright regions to the north and to the south of the galactic plane. The southern 
branch of the Milky Way contains some clouds which are even brighter, namely to 
the north-east and particularly to the south of 19 Aquilae. 

With the Zeiss objective we have photographed in the infra-red a very rich and 
extended stellar cloud to the west of £ Cygni (Fig. 6), which is invisible in blue light 
Fig. 7). Fig. 8 shows the centre of this same region. photographed with the 


Schmidt telescope of the Observatoire de Haute Provence in a narrow spectral region 


surrounding Hz (this was isolated with Eastman 103aE film and Ilford 608 filter). 
Gaseous nebulae, like the North America and the Pelican, which emit very strongly 


hydrogen light, show up very brilliantly with this combination, although they 


disappear completely (Fig. 9) on infra-red plates. 
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The Great Nebulae of the Southern Sky 


Davip S. Evans 


foval Observat Cat ( Hope, South Africa 
SUMMARY 
\ series of photographs of some of the southern extraga t nebulae as photographed with the 74-inch 
reflector is presented w th brief notes on the ib 


THE researches undertaken with the great telescope of the North American Continent 
have made all astronomers, and a wide selection of the populace at large, familiar 
with the great nebulae of the northern sky. The latitudes of all these observatories 
are, however, such that the last twenty or thirty degrees of declination round the 
South Celestial Pole are quite inaccessible, while a further zone of declination, perhaps 
thirty degrees in depth, is accessible only with difficulty. The number of telescopes 
in the world capable of obsery ing nebulae in this zone of the sky Is very limited, and 
includes those of Latin America, and the large South African reflecting telescopes 
at the Boyden Station of the Harvard Observatory at Bloemfontein, and at the 
Radcliffe Observatory at Pretoria 

It is no reflection on the work of these observatories to say that the amount of 
detailed study of the great nebulae of the southern sky undertaken so far has been 
very limited, and that there are great tracts of astronomical investigation waiting to 
be explored. In some Ways the results of such researches may be expected not to 
compare with similar investigations in the northern hemisphere, for the northern 
telescopes have for several decades been used for intensive investigations on about 
three-quarters of the sky, leaving only a quarter which may be regarded as the special 
prerogative of the southern observers. Even though their field is limited, their 
numbers, resources, and the time available so far, have not been great, and they are 
not to be blamed if their cultivation of their own carden has not yet reached the 


intensity open to their northern colleagues 


Using the facilities made available to the Cape observers at Pretoria, a start has 
been made with a survey of the brighter southern galaxies, and the modest purpose 
of this contribution is to present a number of photographs taken both in the course of 
this survey, and by the present writer when on the staff of the Radcliffe Observatory. 
In such a field as this each observatory usually finds it desirable to undertake its own 
survey and to compile its own library of reference plates. Thus, although some of the 
nebulae shown here may be reproduced for the first time, there are others, photographs 
of which have already been published, especially by SHAPLEY and PARASKEVOPOULOS 
(1940). The selection is almost random, for even a preliminary survey has not yet 
been completed. Nor are we concerned at this stage with the solution of problems : 
our present aim is to secure several first-class plates of each nebula and to examine 
them with a view to selecting profitable lines of intensive investigation. 

Even this limited objective makes considerable demands on observing time for, 


as those with experience in this field will realize, it is often necessary to take quite a 
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i level near the best obtainable is heing reached, 


rge number of plates in order to secure one or two of such a quality that one is 
tished that 


What may surprise 


northern observers. accustomed to a well explored sky, is that in quite a number of 
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still worth consulting. 


the records of the observations of HERSCHEL (1847 


Many quite readily observable nebulae are found, when photographed on a 


at the Cape of Good Hope, 


since so little has been done in the 


dclitte reflecto » be misclassified or inadequately 
| the author has one regret, namely that it has not proved 
ATTON the most delicate Oot complimen s by the discovery 
! 
g R.A I3h 34-31 1), 2Q> 37° 1s one of the 
nd Ss sumcientlyv far } rth to hha heen the subject ot 
D. Curtis photographed it in 1918, and SHAPLEY and 
have 1 photograph ind dest ription. As will he seen. 
ibout LO’ in diameter. with a very bright concentrated 
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nucleus. From this emerge a pair of well defined arms, marked by bright patches of 
nebulosity, and showing in many places resolution into stars. SLIPHER (1917) found 
hydrogen and nebular lines in the nucleus (see also SEYFERT, 1943) and, if the nebula 
is photographed on Kodak 103a-E stock with a deep red filter (Wratten No. 25) the 
nucleus stands out as a prominent intense emission region. The arms almost dis 


appear, except that they are outlined by a few gaseous nuclei, and very few stars are 
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identifiable. In other words, the stars in the arms would appear to be blue olants. 
[t will be noticed that along a given arm there are regions of high surface brightness 
which terminate rather suddenly. For example, the arm leaving the nucleus in the 
north-following direction swings round and suddenly loses brightness due south of the 
nucleus. We know that the nucleus is an intense source of emission, and it may be 
more than a coincidence that the bright arm stops at just about the place where any 
emission from the nucleus would be absorbed by the root of the rather complex arm 
starting off from it in the south-preceding direction. A rather cursory attempt to 
discover Cepheids in this sytem has not led to any results: what has become clear is 
that it is a waste of time to bother with anything but superlative plates which show 
all possible detail, and, what is more, such a perfection of formation of the images of 
the faintest stars that one is not led astray by spurious differences. (Fig. | is from a 
lO3ak plate, without filter.) 

The intense concentrated nucleus of NGC 5236 is closely imitated by the nuclei 
of three other nebulae, NGC 613, 1097, and 1566 (Figs. 2, 3, and 4). Photographs of 
the last two have been published by SHapLEY and PARASKEVOPOULOS. Here, proof 
positive of the emission character of the nuclei has yet to be furnished, but so striking 


VOL. 
1956 


Davip S ANS D7 


is the similarity in appearance that it is thought worth while to investigate the point, 
In each of these nebulae there is evidence of this same phenomenon of the quite 
sudden diminution of brightness of an arm at a particular point. In NGC 1566 the 
brightness terminates at just those points where the screening effect of the root of the 
opposite arm would come into play. As a specific investigation it is proposed to 
test the working hypothesis that there are certain nebulae with very intense emission 
nuclei, the radiation from which excites the gaseous material in the spiral arms, this 


Fig. 5. The planetary nebula E & T No. 15 (1 mm O76 


excitation ceasing at such points on the arms that screening by inner parts of 
other arms comes into play. Something of the kind, although on a much smaller 
scale, seems to be taking place in the planetary nebula E & T No. 15 (Evans and 
THACKERAY, 1950), illustrated (on the scale of | mm 0°6) in Fig. 5. Here the 
central star is surrounded by a shell breached at two points. From the ends of these 
fragments gas streams away on curved lines, being faint where the radiation of the 
central star is screened by the main shell. At one point, where the gas appears to 
cross back in front of one of the breaches in the main shell, it momentarily brightens 
up again as an intense spot. 

A fourth nebula, NGC 1792, shown in Fig. 6, is also scheduled for investigation 
along the same lines. This oblique spiral is only about 3’ in extent on photographs 
but it seems highly probable that its real dimensions are much greater, and that only 
the very intense nuclear region is seen. This part of the nebula seems to consist 
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irely of blobs of gas forming a number of tightly wound spiral arms, and spectra 
» confirm o1 disprove this picture will be secured. 

We now turn to objects of a different type, the first of which is NGC 55, photo- 
iphed by several workers, including SHAPLEY and PaRAsKEVvOPOULOS. This 


ost remarkable nebula. at R.A. Oh 12-5m and Dee. 39 30’, is probably one of 


\alf-dozen largest in the whole sky. It stretches right across a quarter plate at the 


™adcliffe Newtonian focus. and has a length of over 20’. A great deal of detail can 
be seen, including patches of gaseous matter and lanes of absorbing dust, but the 


most striking feature of the whole nebula is the fact that it is divided into two parts, 


either by a lane poor in material, or by the emergence at the periphery of the nebula 
I obscuring material. It seems probable that the latter explanation may 


ot 1 Zone ¢ 


pro\ e To be the correct one. for the nebular structure seems to continue, although W ith 
a brightness greatly reduced, right through this gap. The plate selected for repro- 


duction unfortunately shows a number of holes in the emulsion, but has been chosen 
because of the excellent quality of the star images ( Fig. 7). It will be seen that there 


is a high degree of resolution into stars, and persistence may be rewarded with 


analy ses ol the population characteristics of these stars, as well as with the discovery 
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2188 
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pheids and novae. SHAPLEY and PARASKEVOPOULOS remark that at the time of 
publication they had had no success 1n then seareh to. such objects. Strange 


ao} NGC 55 may be. it 


LDIN much more distant object NGC 2188, which closely resembles it, even to 


s not unique, and Fig. 8 shows the much smaller, and 


resence of the absorbing region. which. in this case. does not divide the object 


iplietelVv Into two parts. 


though presenting a vastly different appearance, it seems possible that these 


ybjects. NGC 55 and 2188, may, in reality, closely resemble another of the very 
vebulae. NGC B00, at RA. Oh 52-6m. Dec 37° 58’. This object, 
9 an easy 20’ in diameter, is somewhat unspectacular, since the surface bright- 
of the continuous material in it is low. On the other hand, the high degree of 


tion into stars holds good promise for studies on population and the discovery 


iriables and novae. The svstem shows hardly any concentration into a nucleus 


+ 


ts centre, except for what may be the fortuitous presence of a fairly bright star, 


] 


nebula is almost completely broken up into a series of star clusters, with, in only 
inoritv of cases. a few patches of what seems to be gaseous material. These 
ers outline the position of the almost completely degenerated spiral arms, and 


d to vast distances Were it observed edge on from a favourable angle. it can 
be seen how several of these clusters might bank up. one behind the other to 


rly bright area, while further along patches of obscuration would intervene 


JOL. 
1956 


JAVID SS EVANS L561 


to produce the type of situation seen in NGC 55 and 2188. So far as the degree of 
resolution into stars is concerned, there is a fair accordance between NGC 55 and 
NGC 300. 

The spiral NGC 253, at position R.A. Oh 45-Im, Dee. 25 34 1s sufficiently fal 
north to have been photographed on several occasions. It extends for a length of 


about 20’ and is a fine object fairly similar in appearance, but of not quite identical 


10. NGC 253 (1 mn 7°74) 


structure, to the Andromeda nebula. The plate reproduced here, Fig. 10, has a rather 
short exposure, although at the time the Radcliffe mirror had recently been resilvered 
and was performing very well, and it is to be expected that plates showing much 
greater detail will be obtainable. The nucleus of this object shows little concentration, 
nor is there any marked degree of resolution into stars. The pronounced region of 
absorbing material on the northern border of the nebula presumably marks this out 
as the edge nearer to the Earth. It is thought that this is a nebula specially suitable 
for spectroscopic study of rotation. A feature of some interest is the small fuzzy 
patch on the southern border of the nebula immediately above the pair of bright 
foreground stars seen there. This fuzzy patch slightly detached from the main 
nebula is real, as repeated exposures have shown, and it may possibly be a globular 


cluster associated with this system. 
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NGC 134, at position R.A. Oh 27-9m, Dee. 33° 32’, which is shown in Fig. 11, is 
a smaller, and presumably more distant edition of NGC 253. Here the nucleus is 
more pronounced, and there is no possibility of resolving any of the structure into 
stars, but there is the same preponderance of absorbing material on one side of the 
nucleus, suggesting that in this object, too, the northern border is the nearer. 

It may seem extraordinary that any part of the sky can be too far south for com 
fort even in Pretoria, but the system NGC 6744 at R.A. 19h 5-0m, Dec. 63° 56%, 
is at such a high south declination that it is never at a great altitude and the seeing 
is always slightly inferior in this part of the sky, possible as the result of an up-draught 
from the valley to the south. In consequence it has been found that the propol 
tion of excellent plates in the series of this object is rather lower than usual. 
ig. 12, which is reproduced from one of the best plates, shows this nebula as exten 
ding over an angular diameter of about 15’. The nucleus is reminiscent of an elliptical 
nebula, and the arms are of fairly low surface brightness, and fairly thoroughly 
broken up into isolated knots. The foreground star-field is sufficiently dense to make 
it a matter of uncertainty whether any individual star belongs to the nebula or to the 
foreground. Red plates, taken on LO3a-E stock with Wratten filter No. 25, in which 
the nucleus and foreground field are a fair match, show a marked reduction in the 
intensity of the arm structure suggesting that these are mainly outlined by blue 
giant stars. A photometric investigation of the nucleus has already been undertaken 

These few examples may serve to illustrate the richness of the southern galaxies 


ind the wealth of problems which await Investigation. 


TECHNICAL DATA 


\ll plates have North at top, following side to left Note on Fig. 5, see p. 1557 
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Galactic and Extragalactic Studies at the Harvard Observatory 
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1. THE ANTI-CENTRE OC1 
ay Lire n the centre otf the galactic system determine lin several ways in the 
thirty years since it was first found from the spatial distribution of globular star 
usters. IS In galacti titude 0 with galactic longitude between 325° and 330 


The direction is firmly established. but the distance to the centre is much less certainly 
measured because of complications arising from space absorption and from the 
irregular star distribution in the intervening spiral arms. We believe the distance is 


») 


25,000 and 32,000 light vears. Mr. T. A. MATTHEWS derives 29,000 + 2,000 Ly. 


petween 


l 


in a recent unpublished study at the Harvard Observatory. He gives the highest 


1 on the distribution of globular clusters in medium and low 


weight to the values baser 
latitudes and on variable star studies at the Harvard and Mount Wilson Observatories. 

Notwithstanding the uncertainty in the measurement of the distance to the centre, 
it is clear that the Sun is far outside the main structure of our Galaxy—apparently 
in the outlying faint-arm structure which we scarcely record at all in ou photographs 
galaxies 

The question naturally arises, when we observe the Milky Way star clouds in the 
anti-centre region (Perseus. Auriga. Taurus, Gemini. Orion how tar does the 
galactic system extend in longitude 145 / Weare obviously not on the extreme edge 
of the system, and the simplest calculations show that the discoid of our assumed 
Sb-type galaxy extends at least eight or ten thousand light years in the Taurus direc 
tion. This extent is generally admitted; but does not the galactic system actually 
extend 25.000 light years or more beyond our position 

To examine the question of extent and something of the structure of the Milky 
Way in the anti-centre region. we began a dozen years ago the systematic accumula 


tion of photographs in the octant bounded by galactic longitudes 110° and 180 
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galactic latitudes 1) and 10°. Long exposures with the Metcalf, Bruce, and 
Jewett telescopes for surveys of external galaxies in the background, and shorte1 
exposures with these and other cameras for the discovery and analysis of variable 
stars, provide the material for the cepheid-and-galaxy method that is used in this 
investigation. After the population of remote galaxies has provided an estimate of 
the degree of transparency for a given field, the periods and apparent magnitudes 
give, through the period luminosity relation, the distances of the cepheids In tnat 
area, Several thousand photographs are now available for the work in the anti-centre 
octant and a first report has been published |2|. The results of the investigation 


may be summarized as follows. 


(a) At the present time something more than eighty RR Lyrae variables and sixt 
five classical cepheids are known in the region under investigation. Only the tormet! 
have absolute magnitudes sufficiently well known to be useful in the survey. Many of 
the variables in lowest latitudes in the anti-centre have been discovered and studied 
by C. HorrMEISTER [3 

(b) Even if their luminosities were dependably known, classical cepheids could not 
he effectively used for this work. since they are either too near the observer to give 
useful evidence of extent, or lie in such low dust-filled latitudes that the absorpt 
correction cannot be determined accurate! from either the Galaxy pop ulation 
the stat counts and colour excesses for the measure of space ibsorption 
not vet available 

c) Of the cluster type variables now recognized, fifty-two are in sufficiently higl 
latitudes to clear the heavier obscuration and permit in estimate of the absorptio1 


from the relation 


where is the magnitude at the plate-limit ror Galaxles NV is the number of LUlaXIeES 
per square degree, and approximately uniform distribution of galaxies in spac 
assumed. The space density parameter for high latitudes is 15-2. The photograp! 


absorption at the oalactie poles, Op h iS heen ft iken as a quartel oft a magnitude 


j 

HV 6284 1-7 Y 
Al Ey t 2) 

AP Er 6-7 20-2 
\D Er 77 21-8 
HV 10402 8°3 16-0 
HV 7655 ) S 

BO E1 det 16-3 
HV Lose 60-9 13-0 
YZ | ( Ss) 
FV Ex 71+ 17-9 


(/) About thirty of these cluster variables are found to be more than 40,000 light 


vears (40 k.l.y.) from the galactic centre. The ten most distant are listed in Table | 


(29 k.l.v. is assumed as the observer's distance from the galactic centre 


These stars are too tar from the valactic plane to be accepted as members of the 
o lactic discoid They are members of the low population stellar corona which is 
shown provisionally by these results to extend to distances in the anti-centre octant 
that are twice as great as our own distance from the galactic centre. Similar distances 
for corona stars have been found in the galactic polar caps } 

The continuation of our investigation of the anti-centre variables and galaxies 
will emphasize variable star fields on the neglected north side of the galactic plane, 


ly the areas where Galaxy surveys have already indicated 


but we shall explore on 
reasonable transparency. Approximately 500 additional photographs must be made. 
It is expected that the number of cepheids of the RR Lyrae type in the anti-centre 


+ 


octant can be doubled 


2. THE STELLAR CORONA 
gation related to the foregoing concerns the high latitude RR Lyrae 
iiables. Several hundred plates made at the Boyden and Agassiz Stations on a 
lozen fields in the galactic polar caps are iailable for the continuation of this 
research on variables that are more than 15 k.l.y. from the galactic plane. To extend 
this work a new observing programme on twelve fields (eacl of thirty square degrees) 
udes around $5 has been inaugurated. One object of this investigation Is 
provide data for new determinations of the density gradient perpendicular to the 


galactic plane for the RR Lyrae cepheids. In the provisional study {4] we found, 


| 1 n tor sp ( ibsorpti ! 

oo \ (09 QPP d si 
where .V is t} number of variables per unit volume and d. sin / is the distance from 
tne g l Diane 


\t several points along the Milky Way the obscuring dust clouds are thin and distant 


external galaxies can be photographed. In such regions the cepheids are used fo 
leterminations. We have recently found, in our census of the Inner Meta 


ilaxy, such a semi-transparent window in Centaurus around the irregulat spiral 


alaxy NGC 4945 with equatorial co-ordinates 1950-0) 138 Ovm, 19°, and galactic 


) > 


# 
. *) 
co-ordinates 273 | 


v2 In some parts of this field the Trequency of galaxies is 
about one-half that at the galactic poles and the total absorption (which presumably 
occurs not far from the observer) is therefore about 0-75 magnitude. In such a low 
latitude region the variables should be numerous With the LO in, Metcalf camera 
at the Boyden Station we have made a hundred photographs so arranged in series that 
RR Lyrae variables brighte than magnitude 16-5 should be readily detected and 
thei periods and light curves determined. TI rough this research we can obtain 
another estimate of the distance to the galactic nucleus, although the longitude is not 
as favourable as for a similar research some vears ago in Variable Star Field 269 [5 

Fainter variables in this Centaurus region will be studied with the aid of plates of 
deeper penetration made with the ADH Baker-Schmidt reflector at the Boyden 


Station. 


tf. THE INNER METAGALAXY 


Although the whole sky has been covered with long exposure (usually three-hour) 


plates with the Metcalf doublet at the Agassiz Station and the Bruce telescope at the 
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Boyden Station for the purpose of a metagalactic survey. it has not been possible, 
because of limited personnel, to use more than a quarter of the material in a census of 


faint galaxies. The regions studied, however, include several in critical locat 


ions 
such as the galactic polar zones. The total of the material now available, which 
| 


concerns some 200,000 individual galaxies, yields information on the following 


questions 


(a) The skew luminosity distribution of the galaxies of the local famil wnd the 
high frequency of dwarf spheroidal and irregular galaxies | 6}, problems that have 
recently been examined also by HOLMBERG and BAADE 

(4) The relative frequency ot the various types of galaxies. both the observed 
values [7] and the frequency corrected tot luminosity selection. The ignoring 
this correction has in the past led to the erroneous belief that three-fourths of the 
galaxies are of the spiral type. The true value is probably considerably less than 
40 per cent, but further work is needed to fix the proportion. 

(C) The width and irregularities ol the ZONE Llong the Milky Way that is barren ol 
calaxies, The section between calactic longitudes 200° and 340° is heretofore too 
little known. 

(d) The striking difference in the populations of galaxies in the northern and 
southern galactic hemispheres out to a distance of some ten million light years. The 
prevalence of clustering and the existence of large aggregations of galaxies In various 
parts of the sky was many years ago established by the Bruce surveys. Only in a 
very large-scale sense can we speak of uniform density in the metagalaxy. 


) 


(¢) The determination of the space density parameter, which g1ves the average 
population per square degree as a function of the apparent magnitude. 

The Inner Metagalaxy work at Harvard was summarized in the Russell Lecture 
in 1950: it IS Now being extended In Mono iphic form. in part to collect results 
scattered through many papers, and in part as preparation fol the much deeper 


sampling surveys of the future that can be made with Schmidt-ty pe telescopes 


5. TRANSVERSE DENSITY GRADIENTS 


The data published for the thousand brightest galaxies in the SHAPLEY-AMES cata 
logue |S! show conspicuous unevenness 1n space distribution. Notwithstanding the 
approximate uniformity when very large volumes are considered, there is e\ idence 
of measurable density changes with distance in various parts of the sky und in at 
least two large areas there appeal to be pronounced transverse density gradients 
that should be of considerable significance in the reconstruction of the history of the 
Metagalaxy. In part icular, the Bruce survey ot the southern sky has reve iled, among 
the galaxies at distances of over a hundred million light years, a major unevenness 
in surface distribution that apparently cannot be written off as due to localized 
clusterings of galaxies or to systematic errors in our magnitude standards. The 
number of eighteenth magnitude galaxies per square degree doubles in going from 
the south galactic pole some 50° in the direction of the Large Magellanic ‘ loud. 

A re-examination of this transverse density gradient is under way with the use 
of ADH plates from the Boyden Station. When the survey reaches to the nineteenth 


magnitude, the apparent inequalities may diminish. It is not likely, though not 


impossible, that high latitude space absorption contributes seriously to the obse1 ved 


and extragalactic studies at the Harvard Observatory 


population density in the south galactic polar cap. The distribution of high latitude 
faint stars shows no corresponding effect, and it is unlikely that intergalactic 
absorption, lying beyond the bounds of our galactic system, is involved. 


6. THE CLoUpS OF MAGELLAN 
Fortunately, workers in several southern observatories are now giving attention to 
the Magellanic Clouds. Until recently most of the work on these important nearby 
galaxies had been done at the Harvard Observatory, where special emphasis has 
been given to the variable stars. The dimensions and distances of the Clouds. their 
contents of supergiants, and giant stars of all important types, their star clusters 


and nebulae, have also been studied with the equipment of the Boyden Station since 


[890 (Figs. | and 2). With the ai 


d of a contract with the United States Office of 
Naval Research. we 


are now rounding off our prolonged studies of the hundreds of 
variable stars in both Clouds. 


All the significant findings will then be brought into a 
monograph. Through this monographic summary we are again preparing for future 


research which will be marked by the photo electric and spectroscopic work that is 
now getting under Way al the Harvard 


Pretoria. Cordoba. and Mount Stromlo 
Observatories, Mrs. 


VIRGINIA McKIBBE? 


NAIL is currently collaborating in the 
work on the Magellanic Clouds. 


Among our recent results the following should be mentioned: 


((1) Interspersed with the giant stars are a large number of supergiant red variables 
of the long period, irregular. and cepheid types hat exceed ten astronomical units in 
magnitude 6 in brightness. Their definite 
assignment to Cloud membership is established throug] 


diameter and exceed visual absolute 


1 the determination of the 
average variable star populations of surrounding fields. The supergiant irregular 


variables are reddish, perhaps without exception, thus differing from at least some 
of the supergiant irregulars of the Messie1 


31 galaxy. 
()) 


A bright hydrogen region, 300 light years 1 


n diameter, in the Large Cloud is 
shown on ADH plates to have much fine 


internal structure. In appearance it 


so Classified on the 


Of the 716 riable stars sufficiently studied in the Small Magellanic Cloud for 
t eduction, 693 are Classical cepheids, twenty-seven are eclipsing stars, twelve are 
ng-per1od iviables and twenty rou. ive Irregulars None of the cepheids, except a 
few of RR Lyrae type /9]. are galactic members. and only three or four of the othe 
Is are superposed trom our Galaxy The survey does not go down to variables 
nter than absolute photog! iphic magnitude 1-5 (revised distance), except in 
Spe regions studied with the 60-in. Rockefeller Reflector 
ne existence I hie Wi remarkable period-leneth ibnormalities for the 
Ss cepheids is supported by recent work on both Clouds. They are, first, the 
high trequenecy of periods between | and 2:5 days in the Small Cloud. with the almost 
tot psence OT such periods he Large Cloud ind, second, the concentration of 
( g-period cepheids to the denser regions, a result most strongly shown in the 
» ( 1 
e evidence for the absence of RR Lyra riables from both Clouds may be 
lified through current investigations of stars around magnitude 19 
Some of the circu clusters of the Large Cloud, provisionally called globulat 
S . e perhaps intermediate between true globular clusters and open clusters 
specti Ssifl¢ n by Miss CANNO aD nd by GASCOIGNE and KRON 
! SEV E e the characteristic glob ster population. The 
. he O} les hese Mag c | lL glob clusters, when 
pared W e dis 1) On ol} DSO eS ] Onitude I ( lobular clusters of 
O ¢ syste emphasizes the need. of f the distances of all 
fe es | 12 
Phe « on oftheS Cloud) Ly ( he dwarf spheroidal 
systems e Messier 32 and the Sculptor cluster, by-passing spiral forms, while the 
rae ( qa probalt lieve pS ll he hii ) ft b ed sp . It is. in fact 
=| AD prope T¢ Tye at re | ud IN Be | \ I Sf Is ImMportan to note 
n the lo family composed of een galaxies the f brightest are spirals and 
ne eleven others Tar Ve \O} ed re dwarfs! rregu spheroidal systems 
his result supports My eariel gument th O ( C Spl \ preferentially itfects 
( ost massive, brightes lust-intected galaxies d tl n allowance for this 
UmMIMosity-setection Tactor leads to the conelusio1 <p s are much in the 
minority in the te population of ¢ Kies 
7. 28 OURTH QUAD r VARIABLES 
For. l Cal's We | e been systematically collecting photographic material for the 
comprehensive study of riable stars in the lable-rich regions in and around the 
va tic nucleus—in Sagittarius, Scorpius, Ophiuchus nd surrounding fourth 
quadrant constellations. The principal instrument used in the study of these variables 
has been the 10-in. Metcalf triplet the Boyden Station in instrument that in 
$5-mu exposure re iches TO Magnit ide 16-5 and tainte! wd covers effectively a 
Neid 1n @XCeSss ¢ f fiity square degrees. That nstrument s contribution has been supple 
mented with thousands of plates made with the patrol cameras, and with the S-in. 
ache, 24-in. Bruce, and 60-in. Rockefeller telescopes at the Boyden Station, and to 
some extent with the equipment at the Agassiz Station in the north. Important 


it should be ited. have also been made 


rie 
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by the Leiden observers and, for the Scutum region. by Miss Harwoop at the 


Nantucket Observatory. 
The principal objectives of the study of the variablest ars of the galactic nucleus 


are four in number, 


(a) To contribute to the investigation of galactic structure in the nuclear region 
research largely in the hands of Dr. Bok and his associates. 

(}) To improve the statistics on the frequency of the various types of variable 
stars as a function of position, period-length, and other characteristics. 

(c) To discover and analyse variables (among the 10,000 we estimate yet undis 


covered on our plates) that have special interest to workers in stellar dynamics and 


To hie isure the dist ice to the 
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ipsice 
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example, 
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iN 


wid variables associated with 


centre 


eclipsing 


dust 


variables with rapidly 


ind Gas clouds. 


is deduced from the distribution 


! listance ol the RR Lv iC iviables in fields that are 1 isonably transparent ind 
neal enough the nucleus to be rich in such variables VSE 269 has already been 

= sed tor one ot o best estimates of the distance >the centre » 
Alt] o} he whole of the fourth quadrant has been included in the programme 
f accumulating photographs for the study of variable stars, our chief interest lies 
! e ninety flelds that cover the are ibout five ( sand square degrees from 
( longitude 270 0 560 ind galactic latitude ou) oO) \bout 1) pel 
ent of this area has already been studied on Harvar nd Leiden plates It is, of 
se] sufticier dis ‘ | riable stars. Periods edian magnitudes, and 
Oo ( es. must be derived. and su work 1 eS plates well distributed 
The DOS Ons | Hie ais na Hye rmmount of 7 ( ( la iccumulated by 
JoOZ ( H l ()bDs¢ ry fol His | ! tion Is shown 
eP Se] rate elds in Table 2. which does } tT repo! ( ay Ot patrol plates 
C ed during the past s ears and whi ( ble only for the study 

7 the brigntet rabies 

Fields marked with an asterisk have been mor ss completely surveved at 
Harvard: with a dagger at Leiden. It is planned to supplement the observational 
mate with somethi like 100 plates a veal \\ h spe emph ISIS on fields in 
ritic regions where some of the questions listed above may be most effectively 


insweret 
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eo . he. 
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are relatively rare. Eclipsing stars, long-period 
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Among the faint variables Ih and around the galactic nucleus the classical cepheids 
variables, and RR Lyrae cepheids 
richest of star fields neat 


are common. and the latter are relatively numerous in the 


the centre. as Miss Woops, Miss Swope! BAADI and S. GFAPOSCHKE have show! 
Table 3 shows the number of RR Lyrae cepheids so far identified in fields where the 
data have been published by Harvard observers 

The inequality of variable star population from field to field reflects in part the 
distance from the nucleus but principally the uneven distribution of obscuring matte! 
Several hundred additional variables, not listed above, that are certainly or probably 


of the RR Lyrae type, have been found in this quadrant by Miss Horrvert. BAAD! 


and others. The MF survey will reach to the centre of the Galaxy and beyond 
In regions where the absorption is les Ul I ! git cl The ree i ectors nd 
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The Distribution of the Galaxies 


C. D. SHANE 


k Observatory, University of California, Mount Hamilton 


1. HisrortcaAL NOTE 


More than a century ago the HERSCHELS made their famous “sweeps” of the sky. 


and their Catalogue of Nebulae and Clusters includes the first comprehensive survey of 


galaxies. Since that time additional surveys have been made in a reasonably 
systematic and uniform manner over a substantial portion of the sky. These surveys 


include counts of galaxies to a single limiting magnitude, counts in depth to different 


magnitudes. and catalogues giving the positions and apparent magnitudes of 


individual galaxies. A list of those of current significance is included in the Appendix. 
It is the purpose of this chapter to mention in rather general terms the present 
state of the observations bearing on the distribution of galaxies. and to consider 
poss ble interpretations ol these observations. 


The apparent distribution of the galaxies is extremely irregular. Even in his 


crude sweeps. Sir WretiaAM HERSCHEL noticed that the nebulae avoided the plane of 


the Milky Way. But it was not until the present century, when the structure of the 
Milky Way system and the extragalactic nature of most nebulae was established. 
that the effect of galactic obscuration on their apparent distribution was recognized. 
Dense obscuring material certainly occupies a stratum extending on both sides of the 
galactic plane. Whether similar obscuration exists in intergalactic space is a moot 


question First we shall consider the effect of obscuration in ow galaxy. 


») 


Z. WAALACTIC OBSCURATION 


The most striking feature in the apparent distribution of the external galaxies is 


their avoidance of the plane of the Milky Way. Proctor (1869), using the surveys 


of the two HERSCHELS clearly demonstrated this fact eighty years ago. Very few 
galaxies are found within less than 10° of the galactic equator, while with increasing 
latitude the number grows systematically. Everywhere there are prominent inhomo 
genities in the apparent distribution. In low galactic latitudes the variations in distri 


bution can be attributed primarily to obscuring clouds near the plane of our galaxy. In 


higher latitudes it is more reasonable to attribute the irregularity to a real lack of 


uniformity in the space distribution of the galaxies. 
The most definitive study of galactic absorption as it affects counts of galaxies 
was made by HuBBLE (1934). His results are best summarized in Fig. 1, which is 


reproduced from his paper. Except in a few small areas known as ‘‘windows’’, no 


galaxies appear within a zone that follows the galactic plane. The boundaries of 


HUBBLE’S “zone of avoidance” are very irregular. A great bulge of obscuring 
matter near the longitude of the galactic centre extends to about 20° on both sides 
of the galactic plane. The Cepheus flare (SHAPLEY, 1950) near longitude 80° is clearly 
shown. The well-known absorbing clouds in the vicinity of Taurus have two south 


»~ 


ward projections in longitudes 125° and 145°, both of which reach well beyond 
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latitude 20, while a third in Orion at longitude 175 extends to latitude Ze 
HUBBLE represented the average dependence of the number of galaxies on the 
galactic latitude for a wide range in galactic longitude by the formula 
log N | B cosec } ; | 
where .V the average number of galaxies per square degree h the galacti 
latitude: A a constant depending on the limiting magnitude: B 1 constant 
depending on the obscuration. 
wart ds, Sat ee 
* * > 
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HupeBLE found PB 0-15. which corresponds to an obscuration of 0-25 magnitudes 


when reduced to the galactic pole STri tly equation 1) would be appropri ite to a 
uniform layer of obscuring material extending to infinity in all directions parallel to 
the galactic plane, and with equal optical depth fol equal distances at right angles to 
the plane. While it represents only an idealized distribution, it serves in a first 
approximation as a useful interpolation formula. 

The effect of galactic absorption is also shown in Fig. 2, which is based on counts 
of galaxies being made at the Lick Observatory.* Contours represent the number of 
galaxies per square degree. Strong irregularities in distribution in low latitudes are 
apparent. In addition, the abnormally small number of galaxies at / 312 
h 34° and at / 300°. 0 35 indicate isolated clouds of obscuration. These 
clouds seem to be structural features of the bulge near the longitude of the galactic 
centre. The Number 60 contour makes a large excursion north to latitude 60 
near longitude 300°, and it may possibly outline an extension of the obscuring 
matter. Numerous areas of low count in high latitudes suggest isolated obscuring 
areas, though they may merely reflect the general irregular distribution of the 


galaxies. The counts in the one region thus far reduced were used in equation (1) 
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to determine a value for B, namely 0-51. The difference between this and HUBBLES 
value of 0-15 is explained by the fact that the area counted at the Lick Observatory 
includes the region near the galactic centre where the obscuration extends into 
unusually high latitudes. 

There are at least two obvious means of testing the hypothesis that the low counts 
in high latitudes may result from galactic obscuration. The first is to compare stat 
counts with counts of galaxies in the same areas. <A definite positive correlation 
would support the hypothesis of the presence of absorbing clouds. A preliminary 
test using a plate centred at / 330°, b 62° was made recently at the Lick 
Observatory. Over the part of this plate notably deficient in galaxies, the stat 
counts were found to be completely normal. The result substantiates SHAPLEY’S 
(1932, 1953) conclusion, based on more extensive star counts, that some high latitude 
eas deficient in galaxies are not affected by obscuration. 

A second test of the hy pothesis would be a comparison of counts ot 8 ilaxies overa 
wide range of limiting magnitudes to determine a possible correlation. Unless the 
test were considerably refined, however, it might not distinguish between galactic 
and intergalactic obscuration. Both tests are projected for the Lick Obsery utory 


programme. 


3. INTERGALACTIC OBSCURATION 


We must consider the possibility that the light from distant galaxies may be dimi 


nished by passing through matter in intergalactic space. If such were the case, we 
should expect a slower increase in the number of galaxies at faint limiting magnitudes 
than is derived from the theory of uniform distribution in depth STEBBINS and 
WHITFORD, 1948), Assuming that the red shift is due to velocity, HuBBLE (1936 
actually found an excessive rate of increase in the number of faint galaxies over that 
expected theoretically. The rate of increase is about normal for a uniform distribution 
in depth if the red shift is not interpreted as a velocity effect. 

ZWICKY 1951-52), on the other hand, has reported that there are a relatively 
small number of faint background galaxies in the vicinity of large clusters. He 
suggests that this deficiency is evidence of some intergalactic dust associated with 
the clusters, but his material is too uncertain to admit of any conclusions regarding 
the widespread existence ot intergalactic obscuration. (Counts of oalaxles over an 


extended range of limiting magnitudes should further clarify the subject. 


t. DISTRIBUTION OF THE GALAXIES IN DEPTH 
The general trend in the space density of galaxies as a function of tue distance from 
our own galaxy is an important part of the distribution problem. This distribution 
in depth is also related to the nature of the red shift, to a possible curvature of space, 
and to the evolution of galaxies. 

HuBBLE (1936) made extensive studies of this problem, using counts of galaxies 
over widely distributed sample areas of the sky. These counts extend to five different 
limiting magnitudes ranging from 18-5 to 20-0. The limiting magnitudes were 
determined photographically by comparisons with stars. HtuBBLE had available his 
own observations with the 60-in. and 100-in. telescopes at Mount Wilson, and 
MAYALL’s (1934) counts with the 36-in. Crossley reflector at the Lick Observatory. 


If we assume the galaxies to be distributed uniformly in depth, the relation 


between the number of galaxies per square degree, .V. and the limiting magnitude, a, 
of a given survey, is given by the equation 
log NV (O77 ( 2) 
quation (2) assumes that the absolute magnitudes of the galaxies are constant 
er long time intervals. and it neglects possible effects of intergalactic absorption 
nd of the rea shift. Since the red shift certainly cannot be neglected, m is fainter by 
! mou! \m th in Is ippropriate to the inverse square law on which equation v4 
s based ‘he general shift of the spectrum toward the red is expressed by an amount, 
which is treated as proportional to the distance. Thus the spectral range in which 
the 1 onitudes re photog iphed originates In a more refi ingible ind weaket 
pol | e spectrum Assuming that the Calaxies radiate like black bodies at 
1) 
H000 K.H ilculated An a If the red shift is interpreted as velocity. 
here S 1d ha im ber-eftt t due to the wer 1 ( t which quanta reach 
l) 
e observer, and Am should eqital 4:0 —. 
/ 
served re on between .V and m for the limiting magnitudes used was 
t 
g V — 0-501m — 7-371 3 V 
\ > I ¢ I S (Z | ») togethe Vil thie ( ( 1o tude relation 
\) 2.94" 
/ 
H concluded he observations are inconsistent with the velocity 
erpre of the red shit inless one admits a gene ncreasing space densit\ 
“ easing distance, Ol cu ture of space tl See] nreasonably small 
hes ! SLOTS re rent Heme re-eXal re aL \VIount Wilson ind 
Pp ! ()bse1 Ories hie TNE eq distribu ! 1) S Quite SCNISITIVE to 
Sil ¢ o} ide scale > 1951-52) is now engaged in establishing a more 
( ) l onitude scale, by means of photo-electric photometry. for faint stars and 
o xles near the limit of the 200-in. telescope, in order to provide improved limiting 
onitudes tor the surveys 
s recognized that the assumption of black-body radiation from galaxies 
ip 
Was Ol n approximation and that consequently the eq my An 5 might be 
{UCS mea Phi igh the six Golour measures made by STEBBINS wa WHITFORD ie 
not in agreement with a black-body distribution, recent calculations by HuUBBLE 
951-52) based on their obs itions confirm the validity of this equation 
Surveys ll photo Isual Instead ot photographic light have well-known ad\ intages 
For photovisual observations the magnitude corrections due to the red shift are 
smaller than for photog iphic observations. Moreove the corrections can be 
determined more accurately since even for large red shifts the regions measured are 
bse ble in the unshifted spectra of nearby galaxies 
The magnitude corrections are no doubt affected by the excesses of distant 
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galaxies measured by STEBBINS and WHITFORD (1948), WHitrorb (1953). They have 


found that for very distant elliptical galaxies, which probably comprise the majority 


of those measured, there is a large unexplained reddening. It is not clear at present 


how this effect will influence Am. With improvement in the basic data, we may soon 


hope to have a definitive study of the distribution of galaxies in depth by the methods 


Ht BBLE* originally proposed. 


5. IRREGULARITIES IN THE SPACE DISTRIBUTION OF THE GALAXIES 


While for explorations in depth it is possible to use counts in sample areas, provided 
they extend over a wide range of accurately determined limiting magnitudes, different 


rregularities. Here one should have com 


requirements exist for the study of local i 


} 


pleteness over large areas of the sky While much can be learned from counts to a 


single limiting magnitude, surveys to a number of widely separated limits are 


desirable \ determination of these limits. however, does not require the precision 


necessary for explorations in depth 


SHAPLEY has carried out surveys on an extensive scale to a limiting magnitude 


IS in both the northern and the southern hemispheres. These surveys show that the 


galaxies have a far from uniform distribution, with clustering a prominent chat 


teristic. SHAPLEY 1938) noted a large-scale density gradient among galaxies to the 
eighteenth magnitude that extends for about 60° across the south galactic cap li 
the ceneral direction ot longitudes Ly wna 225 since the average dist ince 


eighteenth-magnitude galaxies is about 4 10? parseest, this distance represents 


approximately the lineat extent of the Inhomogeniet \ It is cenerall recognizer 

however, that serious errors can occur in the counts due to non-uniformity in the 
photographic plates, either in sensitivity or in the conditions of exposure and 
levelopment, so that the result should be accepted with some caution 


ZWICKY'S (1951-52) counts on plates taken with the 48-in. Schmidt telescope also 


show large departures from a random distribution of galaxies 


Che number of clusters 


Was found to be large amounting In one case to abnout 100 clusters ona singie plate 
or more th in two pel square degre 


\n interesting feature of the surface distribution was pointed out by HUBBLE and 
confirmed by Mayatu. If one plots the frequency of V against log .V, the resulting 


Irequency\ curve In discussing Hi 
N IS ibout tou! time 


BBLE S 


points are well represented by a normal 
observations, Bok (1934) showed that the dispersion in log 
what one would expect from a random distribution 


The tendency toward clustering is prominent in Fig. 2, which is based on the Lick 
the eounts were smoothed hy 


Observatory counts simce in preparing the chart 


taking the means of fou adjacent square degrees the real relief is even greate! than 
is indicated. North of latitude 50°, where there is presumably little effect of 
galactic absorption, the distribution of log .V is very close to normal. After allowing 


for errors of observation, the dispersion of the galaxies is found to be 2-5 times that 


appropriate to a random distribution 
\ linear scale of the clustering tendency is provided by serial correlations calculated 
under the direction of Dr. ELizaBetu Scorr (NEYMAN, ScoTT, and SHANE, 1953), of 
ese ¢ 


the University of California Statistical Labor tory It appears from tl aleul: 


Pp { / S 95, 4 


SS0 he 


tions that the counts are positively correlated with their neighbours up to distances 


of about 4 


distribution of the galaxies 


Thus for galaxies to the eighteenth magnitude, the clustering tendency 


extends to angular distances of approximately 4 over the surface of the sky. The 


hypothesis that all galaxies are arranged in clusters was tested by NEYMAN, SCOTT, 


and SHANE (1953), 


who used the Lick Observatory counts. 


It appears possible to 


choose reasonable parameters for clusters. together with a random distribution ot 


cluster centres in space, that permit the hypothesis to represent the statistical 


properties ol the observations. 


UO 


represented 


However. the fact that the observations can be so 


does not exclude other 


models in which 


i considerable number of field 


galaxies may be individually distributed at random 


Observational evidence permits only certain qualitat 


to the well-known 


approximately spherical symmetry 
diminishes rapidly with distance from the centre 
clusters merge imperceptibly into the background 
ol 


clusters without strong central condensations, similar to the rich nearby groups in 


covered by their small areas 


aggregation 


ucture of the clusters of galaxies. 


in 


¢ 


ive conclusions as to the 


Most of the conspicuous clusters appear similat 


Oma 


and 


high concentration. 


They ire characterized by an 
first 


Berenices 
by a high central density, which at 
ind then more slowly, so that the 
Such readily dis 


hand. 


clusters are 


On the other distant 


Virgo and in Ursa Major, can be identified only with difficulty. 


( justers tend tO be 


SHAPLES 


clusters. 


multiple clusters are located in the area of Fig. 2. 


one noted by MSHAPLEY, are 


associated 


in 
1933 found one triple and Two double clusters. 


illustrated 


smoothed quarter square degree counts to give improved resolution. The well-known 


small 


groups or clouds. Among twenty-five 


Several double or 


») 


Five such aggregations. including 


in Figs. 3 to 7, which were plotted from 
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Corona Borealis cluster is likewise found to be merely the most prominent condensa 
tion in a rich and extensive cloud. On the other hand, the Coma cluster Fig ‘S 


probably Ls single, 


To summarize, we may state that there is a strong though perhaps not a universal 
tendency fol oalaxies to occur in clusters he clusters themselves Irequently con 
gregate in groups of two or more to form clouds. These general features must be 
taken into account in any theory of the evolution of the universe. Whether they 
represent relatively stable properties arising from dynamical causes, or are histori 


relies reflecting in early state of the universe. is an open question 
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The Distribution of Bright Galaxies and the Local Supergalaxy 
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|. INTRODUCTION 


DURING the last twenty vears clustering has been recognized as one of the majo 
e scale distribution of galaxies References 121—132 The 
ure of a more or less uniform “‘general field” diversified in only a few places 
by an occasional cluster or group [13] was only the result of observational selection 
due to scanty sampling with the small-field Newtonian reflector { 17-20]. The new 
picture of the universe has emerged from the large-scale surveys conducted with wide 
field photographic refractors [ 21-38, 133] and Schmidt cameras |7—8, lla, 129a 

In this new picture most—if not all—galaxies are thought of as belonging to (or 
condensing toward or escaping from) a large number of super-systems, regular 


clusters or irregular clouds, ranging from small dense g 


roups | 102, 103, 120] to huge 


i lomerations of nebulae several megaparsecs across 93-99, 104, 105-117, 119]. 


ro 


According to ZwicKy [129], “Space. . . may be subdivided into ‘cluster cells’ . 


” ‘ us ; ; ° 5DS5 


which “. . . fill the universe just as bubbles fill a volume of suds”. The average 
cluster cell may have an estimated volume of some 400 cubic megaparsecs [128 

Substantially the same point ot view 1s idopted by NeYMAN. Scorr. and SHANE 
133] when they consider a model in which nebulae are clustered in groups iets iba 
and populations obeying probability laws 

This conception marks, in a way, a return towards the LAMBERT-CHARLIER type 
ol cosmology 70a] in which the Universe is regarded as built up of a Tae er 
systems of increasing size and content stars, star clusters, galaxies, clusters of 
galaxies. ete. 

The problem arises then of discoveri hether our Galaxy is or is not a membet 


of such a group or cluster of galaxies 


Z THI Lov 1L (;ROUP 
It has been known for more than twent ears that the Galaxy belongs to a small 


group ol nebulae, the “Local Group whose n embership has grown from an original 


half-dozen to nearly a score | 99-68 The distribution of members and probable 
members of the group over the sphere is shown in galactic co-ordinates /, b on Fig. | 
With one exception the objects we seen to be concentrated within a broad band 
running roughly long a great circle of thi sphere 1n galactic longitudes 90°—270 

the only exception NG 68?2?) 18 more ipparent than real since the Alndinieis is 
small (0-16 megaparsec The total thickness of the group is less than 0-25 mega 
parsec (Mpc), while its recognized diameter reaches now 0-5 Mpe (one and a half 
million light years)". If probable men bers. such as NGC 4946. are included then the 
diameter may well exceed two million light-vears 


Actu uly it is a moot point where membership in the croup should stop i dist ince 


modulus yh M ae corresponding to a distance of 0-4 Mpc) is otten used as a 


conventional limit Ls 126 There IS nO reasol however, why our own Galaxy 
should he it the centre of the SrOuUp not o1 Vy Nas such in assumption in unweleome 


pre-Copernican flavour but by its size nd mass at least one other membe1 ot the 


group the Andromeda nebula. would make at equally worthy candidate for this 
central position, 

The view has been expressed | 4 that except perhaps tol the coarse clustering of a 
few large spirals (7.¢. in the Local Group, the Galaxy, M31, M 33) and their irregulai 
and elliptical satellites (the Magellanic Clouds, NGC 205, NGC 221), such as we 
observe in many places e.g. the M 51-M 10] sroup in Ursa Major 10]. there is no 


definite prool that all the objects usu lly issioned to the Local Group actually belong 
to it. nor that it constitutes a stable dynamical unit. It may well represent only an 
arbitrary selection of the nearest objects in a larger “‘super-galactic” system, much 
as the nearby stars are merely those which happen to be nearest to us in the galactic 
system. 

In fact after the Virgo eluster [S3—92! had been found to have heavily populated 
extensions southward into Centaurus and Virgo [90] prolonging the great “canopy” 
of bright galaxies extending northward across Coma, Canes Venatici, and Ursa 
Major lO], it was suggested that with this huge apparent diameter the outskirts of 


the system might well reach almost to the Local ( rroup which would then appear only 


as an outlying condensation in this large! cloud of galaxies | 14, 128 


This possibility of the Locai Group being but a minor structural detail in a larget 


agglomeration was indeed suggested in the course of several recent investigations 


For instance, in 1937 HOLMBERG [SO], studying the spatial distribution of bright 


nebulae and double galaxies in the north and south galactic caps, found evidence for a 


Le OP 


1956 


local metagalactic cloud” perhaps 8—12 Mpe across (depending on the value idopted 
for the mean absolute magnitude of oalaxies the centre of the cloud was placed one 


or two megaparsecs from the galaxy in the general direction of the North galactic 


pole. In 1941 Retz [81] derived similar conclusions from a study of a somewhat 


more extensive material, but restricted to the North galactic polar cap. 


from an analysis of 


within 4 Mpe, Mrs. Cooper Rupin found, in 1951 [54 
rotation of the nnel metagalaxy The pole of the 
ron the apparent distribution of these objects on the s 
la) 
\ prelimi 
listed in the Harvard 13th magnitude survey (SHAPI 
has recently been reported |82] which affords further ey 
cal cloud of galaxies within which our Galaxy is si 
ippears strongly flattened, with the Galaxy very close t 
ot far from its periphery \ more detailed account is 
§. EVIDENCE FOR A LOCAL SUPEI 
ne ¢ dence n be best presented by a series of 
LISTTLD ming ctic co-ordll es OT Various Classes Of 
a} des and types 
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neb ‘ nd found this re rkable clustering of large 
hemispheres “roughly along the median longitude LOO 
REYNOLDS’ discovery is confirmed by the more co! 
in the Harvard survey 
For Instance Ihe distribut on of nebulae of all tvpes | 
tude shown in Fig. 3 (including some of the irgel 
(sroup objects exhibits verv much the same general fe 
forty-one objects in the N.G.H., thirty fall within () 
of the great circle whose pole is near / lO ob 
excluding six objects near 250 D0) out of fourtes 
the same lin 30°) of the same great circle. 
Fig. 4 shows the distribution of over 1000 galaxies of 


the radial velocities of about 


50-52 


a hundred nebulae 
a differential 
pl ine of the system, derived 
14 


evidence. fot 


phere, was placed at / 


lary investigation of the apparent distribution of the bright galaxies 


EY-AMES Catalogue) |77—79 
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tuated ‘supergalaxy’ 


but 


now given 
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tude 10-0: this material is completely ind pendent of the former groups ol 


nearpoy 
large or bright objects, but shows again the same general distribution 
In the N.G.H. the Virgo cluster (near 255 72.) is prominent as well as its 
extension to the south stretching from about 265 70 to ahout BSS Ld 
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f n Fig. 2. The bright f th S | Superga 
On the opposite side the great “stratum” of nebulae spreads northw uds across 
Coma. Canes, Ursa Major, Ursa Minor and beyond from near the north galactic 
pole to verv low latitudes along / LOO 110°. The pole of the oreat circle o1\ ing the 


hest fit with the central line of the distribution may be placed near / 13°.6 2? 
Over 80 per cent of the galaxies in the N.G.H. fall within + 30° from this great 
circle: this proportion increases to over 90 per cent if the small, 


dense, and sharply 


210° and / 250 


outlined agglomeration lying in low galactic latitudes between / 
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(in Hydra) is excluded. Noteworthy is the remarkable scarcity of nebulae in many 
places on both sides of the central line and contrasting with its high density. How 
ever, beyond these “vacant” belts, two secondary belts of fairly high density are 
indicated on both sides of the central band which follow closely two small circles of the 
sphere about 25° from the main belt. 

In the S.G.H. a striking feature is the dense and greatly elongated group stretching 
from about 160, 15°. to about 240°. 35°, in the vicinity of the Large Magellanic 
Cloud and possibly beyond (external galaxies are difficult to identify through the 
cloud). This great swarm of nebulae whose centre is marked by the very dense group 
a0 203°. 53° can be considered in all probability as a highly flattened cloud of 
galaxies or “supergalaxy”’ seen edgewise such as 1s occasionally met with among 
fainter and more distant systems, ¢.g. the Centaurus cluster investigated by SHAPLE) 
94). Excluding therefore this separate system, we notice again a concentration of 
nebulae along the same general direction as before marked by the meridian 120 —300 
and again about 80 per cent of the objects fall within 30° of the central line of th 
distribution. This distribution seems, however, somewhat distorted in the abnormally 


rich area near 310° or 320° to which we shall refer again later. 


Tal l. Supergala f bright gataa 
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Altogether the general impression conveyed by this preliminary exploration of the 
distribution of bright galaxies summarized in Table | is that there is a definite 
tendency for the various categories of objects whether nearby and bright or more 
distant and fainter, down to the limit of the survey (about m 12-5), to be concen 
trated toward and along a great circle of the sphere the pole of which can be pro 


visionally placed at / is. 6 2 


tf. EQUIDENSITY CONTOURS FOR BRIGHT AND FAINT GALAXIES 
A more quantitative and perhaps more objective description of the apparent 
distribution can be obtained through a statistical investigation including all nebulae 
in the SHAPLEY-AMES Catalogue (excluding only Local Group objects, less than a 
dozen among the 1249 listed in HA 88-2). From counts made in suitable intervals 


of galactic latitude and longitude, smoothed distribution curves were derived showing 


the number of nebulae per hundred square degrees as a function of each co-ordinate. 
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40) Cal U () in the N.G.H vhere obscuration assoc} 


Ophiuchus dark nebula 


and in several places, notably from / 70° tof 110° in the N.G.H. 


1 from / I20 to / 170 and again from / 250° to | 290°. in the 8S.G.H.., 


where scarelity of brig 


\ second. more detailed check would consist in comparing the equidensity curves 


ft Fig. 5 with a similar map for faint nebulae. No general census of faint galaxies 
is available vet, but the Harvard counts in selected regions | 21—37| reaching to about 
IS. and a preliminary result of the Lick Survey 38| have been used to derive 
ipproximate equidensity contours shown on Fig. 6.* Since the counts in different 
ireas relate to somewhat different conditions and limiting magnitudes, the resulting 
composite picture gives only the fluctuations of density in a qualitative way. Never 
theless it is sufficient to show. by comparing with Fig. 5. that no significant correla 
tion exists between the distributions of bright and faint nebulae. In particular the 
ixima of density for the bright galaxies in both galactic polar caps fall in regions of 
sub-normal density for faint galaxies. Conversely several maxima in the distribution 
faint galaxies occur where gaps are found in the distribution of bright objects 
near 135. $5 and 195 75 
the S.G H the o1wantic metagalactic cloud of faint nebulae extending roughly 
wards from a point near 250, 30° and responsible for the large transverse 


lient found by SHAPLEY |3 32| does not coincide really with the great southern 


swarm of bright galaxies: further the former is known to come into play only beyond 
he 16th magnitude | 24] so that the apparent coincidence is not significant. The only 
sreement which may be of some significance is to be found in latitudes lower than 

oO Ol 10 between longitudes 270° and 295 where ybscuration suggested by 
the distribution of faint galaxies probably accounts as well for the scarcity of bright 

ixies between 260° and 290 in latitudes lower than 35 . where from N.G.H 
lata one would expect to find many more objects 

his extensive area of obscuration over the south celestia pola cap has not 
heretofore been paid as much attention as it deserves. Some of the densest dark 


nebulae ciose to the Valk, \\ i\ ive SnNowh on the Li NDMARK \VIELOTTI map | 


yut visual examination, small-scale photography, and detailed star-counts have 
revealed an extensive network of dark lanes over the whole area between meridians 
I val ictTic longitude 230° to 305° and reaching ll place Ss up to latitude $() and 


This great flare of obscuration is the exact counterpart to the well-known *‘Cepheus 
Hare ver the region of the north celestial pole, but is apparently even more exten 
sive, although more ragged. That it is responsible for the apparent scarcity of bright 
objects in the area is shown by the large numbers of objects only slightly faintel 
than the magnitude limit of the SHAPLEY-AMEs Catalogue and recorded by SHAPLE) 
on a map of nebulae brighter than the 15th magnitude in the south polar cap (| 24 
p. 142): these objects distinctly avoid the lanes of maximum obscuration and tend 
to cluster in the semi-transparent gaps of the distribution of dark matter 


Except for such minor points we conclude therefore that absorption within the 


Galaxy does not affect materially the observed distribution of bright galaxies and, i 
particular, cannot account for the concentration toward and along the same great 


circie of the sphere in both galactic hemispheres. We are thus led to accept the 


it nebulae is distinctly associated with the major ‘flares’ of 


~ 


ybserved distribution as a significant structural feature of the metagalaxy in our 


neighbourhood 


5. THE LocaL SUPERGALAX) 


\ model which presents itself immediately to account for this type of apparent 
distribution is that of a strongly flattened cloud of nebulae extending to a great dis 


ince from us in the N.G.H., but fading out not far beyond the Galaxy in the 8.G.H. 


\s the central line of the distribution follows closely a great circle of the sphere, the 


Galaxy should be close to the median plane of the system. Such a picture is, of course, 


ery similar to that of the early models of the Milky Way system*, except that the 


number oi objects involved is much smaller possibly not more than a few tens of 


thousands) and the central condensation much less pronounced, withasa consequence 


+ 


greater statistical irregularity in the distribution. This fundamental irregularity 


should be borne in mind when comparing such a model with observations. The 


Group, for instance. is to be considered as a MInNO!l irregularity Ol secondary 
igglomeration in the outskirts of the system which. following a nomenclature intro 
auced DY SHAPLEY | 2. 90]. we shall call the Local superg il Xy 


ndeed there is abundant evidence that the clustering tendency operates within the 


supersystem and is responsible for the formation of such sub-systems or agglomer: 


} 


iplex in Leo. the Ursa Major cloud, the Virgo cluster and its 


sas the nebular con 


(‘entaurus extension. and several other clustered sections. including the nearby 


Ursa Major group and the Local Group itself. A similai umpiness” of the nebular 
distribution is visible in many external supersystems and, in particular, affects 
8) us the nearbdb ~ nel Supergalaxy 
‘he general features of the Supergalactic svstem can. however, be brought out by 
wing counts over sufficiently large sectors. much in the same way as the gross 
properties of the galactic svstem emerge whe ocalized irregularities are 
For instance, the distribution of nebular density along the supergalactic equatorial 
zone 1S very Irregular when the actua numbers of nebulae in successive intervals of 
lO in supergalactic longitude L are plotted. When. however, the running means 
ver three successive intervals) of the logarithms of the numbers corrected fot 
galactic absorption according to the formula A log WV 0-15 (ecosee 1). derived 


by Huspspie!19] from counts of faint nebulae. are plotted instead, (Fig. 7), the cor 


rected log N fall reasonably well on a smooth symmetrical curve locating the centre 
of the system in the direction L 102° At, ee é 78 i.e. in the general 


direction of the north pole of the Galaxy or more nearly that of the Virgo cluster 
may be observed that excluding the Virgo cluster itself 
from the counts does not alter materially the position of the centre 

his determination of the centre of the Supergalaxy is in disagreement with that 
fa “centre of rotation” obtained by Mrs. CoopeR RuBIN |54} by an application of 
OortT’s theory of differential rotation in a stellar system to the radial velocities of 


y 


nearby galaxies. viz. either 104°. O bor 8 284°. 6 5°. with a 


p.e. of LP an. 2. 
The discrepancy is probably not very significant Tol 


1) A velocity analysis including indiscriminately all nebulae is likely to be con 


+ 


sed bv the occurrence ot objects which ictually belong to other systems 


(b) As comparison with external systems shows, no strong rotational symmett 
\s a result the most condensed region 


to be expected in the Local Supergalaxy 
(Virgo cluster) may well be not quite central, while local irregularities or streaming in 


the motions may easily lead to a spurious determination of the centre of “rotatior 
This is the more likely since: 
(c) the complete absence of radial velocities in a large sector of the southern sky 
(south of about 10° declination) introduces a severe asvmmetry In the data 
We disregard then the ‘rotational’ determination of the centre and consider that 
the Virgo cluster constitutes, if not the core” of the Loeal Supergal xv. at least 
a 
a 
y, 
_ bd - 
ef? °°! . 
y, / + 
 f / : 
/ 
© | } J T 
/ | | 
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dominant condensation not too tar trom its central region. If this is SO then the orde1 
if magnitude of the diameter of the system can be readily estimated. The distance 


of the Virgo cluster is about 2-2 Mpe according to HuUBBLE |39| and in the opposite 


direction the distance of the conspicuous group of half-a-dozen large spirals clustered 
As can be judged 


the counts 


( 


near the south galactic pole probably does not exceed 0:8 Mpe.+ 
$ ve ry few more objects appeal as 


from a comparison of Figs. 3 and 
reach fainter limits (within 20° of the pole the logarithmic increase in the cumulative 
12 is only about 0-2 against 0-6 for con 


numbers ot nebulae from Mi 7 to m 
This definitely suggests that the boundary of the system is 


stant space density ). 
hardly any further in this direction an 


|. assuming rough symmetry around the Virgo 


‘r, leads to about 6 Mpe for the overall diameter « 


f the Local Supergalaxy, the 


far limit of the system being about 5 Mpe away from us in the general direction of the 
O1 salactic pole. 
his estimate agrees fairly well with the extension in this direction of the local 
metagalactice cloud” derived by Rei1z{S81) from his study of the space distribution of 
ebulae brighter than the 15th magnitude in an area 40° in radius around the 
n 2g ilactic pole. His estimate was actually Ss Mpe. but 1s probably on the high 
side owing to the use of too bright a value (VW, 15-0) for the mean absolute 
iwnitude of galaxies. If in agreement with more recent data [40] we take 
| 
—s— —— 
ae. i. 
= a Ee 
; ee 
, = 
, and 4 ¢ 
M, 14 the distance is reduced to 5 \Ipe Similar results may be derived from 
Hol ERG’'S earlier investigation | SO 
In fact an approximate cross-section of the system in space in the ceneral direction 
f its centre can be obtained from ReEIzs work |S] Krom his counts of over 4000 
iebulae (mm 14-5. 6 50) he derived for eight regions of equal area the distribu 
tion of space densities (in galaxies per cubic megaparsec for VW, 15-0 and 
s.d 0-9 mag.) as a function of distance to the Galaxy. On each curve f() 
ve can read the distance rLV) where the space density .V drops to some selected 
1lue greatel than the more or less constant background density prevailing at large 
distances. Since the latter is of the order of 2, we select the density levels 3 and 4 to 


the outel shells ot the Local Supergalaxy Grouping the regions according to 


mean supergalactic latitude, we obtain for four regions (I. Il. IV. VII) of 


B a) 5 3 a9. } a Mpe, 


b 25°, r(3 2-7, r(A4 1-85 Mpe. 


lal plot of these values Fig. S supplemented by the prey ious estimate of the 


the system beyond the Galaxy in the anti-centre sector gives strong support 


to the picture of the Local Supergalaxy as an isolated and strongly flattened nebular 


system, roughly symmetrical about the dense Virgo cluster () 2-0 to 2-5 Mpe 
and extending to some 5 or 6 Mpe from us in the direction of the north galactic pole 
If the Local Supergalaxy does indeed extend to a distance of this order in the 
direction of the north galactic pole while it fades out within | Mpe from us in 
the opposite direction, then this may help to explain not only the greater richness 
of the N.G.H. in bright galaxies. but also why the unbalance between the two 
hemispheres does not disappeat before \ er\ faint limiting magnitude is reached 
about m Is . as indicated by the following tabulation published by SHapui 
in 1934 [2 


Now IS is just the apparent magnitude that the faintest dwarf galaxies 
of absolute magnitude J lO to ll would have at a distance of 5 Mn 
(distance modulus Ml M 28°d In otnel! words it is not until the counts are 


extended to this faint limit that (in the N.G.H.) our surveys reach clear out of the 


Local Supergalax into the genel il met iwWwalactic field where large-scale statistica 
isotropy may obtain. Of course, the census of bright giant members is complete lor 
before (in fact not much bevond the limit of the SHAPLEY-AMES Catalogue for the 
brightest oalaxies 

The thickness of the svstem is more difficult to estimate since, owing to the dis] 
sion of absolute magnitudes and the consequent intrusion of distant (non-loca 
galaxies in the counts by apparent magnitude, the spherical distribution of these 
more distant objects will tend to reduce the fl ittening of the outer density surtaces 
of the Loeal S\ stem. so that the ipparent thickness of about 2 Mpe maicated 
Fig. SIS certainly excessive 

In the neighbourhood of our Galaxy a lower limit of 0-3 Mpe is indicated by th 
spread of Local Group objects. An upper limit may be estimated from the maximun 
half-width of the dens ‘Ly }) ypulated stratum in the N.G.H.. about 20° to 30 und the 
distance of some groups of bright galaxies lving near the bound ry of this band 
the M 51—-M 101 group near 40-. 65 andthe M 65—M 66 group heal 210. a5) 
With an estimated distance of 1-0-1-5 Mpe [39, 40], this leads to an upper limit of 
about 0-S—1-2 Mpe for the total thickness of the system. Thus the superg ilaxv may 
have a thickness of between one-fifth and one-tenth of its diameter. This estimate 


agrees with the observed flattening of external systems. 


6. RADIO-NOISE FROM THE LOCAL SUPERGALAXY 


Additional evidence for a Local supersystem has recently heen found L}) radio 
astronomical studies. 

In their investigation of the irregularities of the background radiation in his 
galactic latitudes with the large Manchester paraboloid Hanspury Brown and 
Hazarp | 135] recorded a broad maximum between R.A. 11h and 13h at declinations 

$4° 5, 17-5, and 51°5. It coincides with the path of the densely populated 
central band of the Local Supergalaxy where it crosses the zone covered by the 
survey (Fig. 9). The excess intensity over that of the background is of the order of 


10-25 W/m2/e/s at 158 Me/s for a beam width of 2> between half power p ints. 


Even more definite are the results obtained by Kraus and Ko | 136, 137] from a 


I 
The COSINI1C 


n the 


Vvenel 


radio-noise at 250 Me/s with the Ohio radio telescope. Super 


galactic gradient of the background radiation a secondary 


maximum or ridge line was observed extending between the vicinity of the north 
o pole and galactic latitude $5 which follows rather closely the super 
O equator (Fig. 9 The excess Intensity of the source above the background 
S i orde ot 10-4 W m-/c/s pel square degree \lore recent observations 

! e communication) have extended the radio-source further north, beyond the 


1} 
ri€ 


striking 


ireement with the path of the Local Supergalaxy. 


= 
l 
QO 
\ { , r ( SIS dete O C ~ e path thre LALO 
niss ne of neutra yvdrogen on 21 em, red-shit it ( 1o00 km per sec 
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7. EXTERNAL SUPERGALAXIES 

i the same wa Ss large splrals provide sel ouide in galactic studies 
we may turn to othe! supergalactic systems fol 1 be r understanding of the struc 
ture of the Local Supergalaxy. Fortunately, as already noted, the great elongated 
SW ! of galaxies extending in the southern hen Isphere Trom Cetus to Dorado. 
thi ugn Fornax. Eridanus, and Horologium seems to constitute Just suc ha supel 
ralactic svstem seen almost exactly edge-on This southern Supergalaxy as 
it mav be ealled is probably the closest and most sharply defined of the large 
supergalactic systems beyond the limits of the Local Supergalaxy. Its apparent 
nucleus is marked by the dense group of more than a dozen bright nebulae. 
including NGC 1365, 1369, 1374. 1380, 1381, 1387, 1389. 1399, 1404, 1427. 1428. 1437. 


and many 


M 27 


mn *() 


fainter ol 
from 


With 


red-shift 


at 
slightly 


a distance modulus provisionally estimated 


yyects 


magnitude distribution It Is 


and 


only 


farther away than the Virgo cluster; its apparent dimensions of about 10° by at 


least 60 correspond to a thickness of about 0-5 Mpe and a diameter not less than 
3 Mpe. This is clearly a system fully of the same order as the Local Supergalaxy if 
perhaps of somewhat smaller size and population. \ detailed investigation of 
this great system, still largely unexplored—except for a few valuable Harvard 
studies in three fields | 93, 100, 10] is under way at the Commonwealth Observatory 
When better known it may well prove as valuable a guide in investigating the strue 
ture of the Local Supergalaxy as the Andromeda nebula has been in galactic studies. 
The occurrence of a pair ot large supergalactic systems Is not unknown among 


more distant objects. For instance, a situation very similar to that of the Local 


Supergal ixy and the nearby Southern Superg LlAXY is found in the di 


Stant double 


supergalax in Hercules. described by SHAPI It) the Cr,eorge Darwin Lecture tol 


1934{2]. A map showing the apparent distribution of its brighter members is repr 
duced in Ki. 10. If. as can he inferred from the absence of strong centra condensa 
tion and the irregula outline. these svstems are also highly flattened. then when 
seen from a galaxy such as the one marked G on the map the apparent distribution 
of the others along the ‘supergal tic equatol of the main system may well bear a 
strong resemblance to that found for the brig] t nebulae in our own system. 

This example shows that supergalaxies oft this type do not possess strong rotation ul 
symmetry and their internal structure is very irregular. As noted already this may 


easily account for the discrepancy between the direction of the ‘centre’ derived 


from the “rotational” velocities and that of the “nucleus” suggested by the nebular 


counts It also suggests that in the sparsely populated outel parts the structural 
features of the system will be easily confused by the inclusion of outlying members 


f the Southern Supergalaxy and other nearby systems or g 


roups. 
The disentanglement of other systems of smaller size is very difficult, especially 


in the S.G.H. where the path of the Local Supergalaxy is only faintly marked by a 


I 


few scattered bright objects: it may be helped however by the following considera 
tions. According to BAADE and Sprrzer | 120a| ellipticals and SO objects are to be 
found predominantly in dense clusters where frequent collisions strip from the 


tlaxies their interstellar gas and dust. thus preventing the formation of normal 


spirals such as are found in regions of lower density. If this is so, then we may expect 
to find E and SO nebulae mostly in the central parts of the Local Supergalaxy, as well 
is In the Southern Supergalaxy ind other dense systems but ver\ few should be 
found the itskirts of the Local Supergalaxy, in particular beyond the Galaxy in 
thie supergalactl initi-centre sectol \sa consequence the path of the Local Super 
o <v should be clearly marked in the N.G.H. by many E and SO objects, while it 
should be hardly indicated in the S.G.H. leaving a clear tield for any outside system 
hye rked by s | nd SO members 
o || shows how clos hese expectations are fulfilled when only EK and SO 
e are plotted. The main stratum of nebulae running across the N.G.H. and 
Iie Ww strean rT ne Sout rn Superga \ es. H St ind out in amaZing 
shal ess, At the same time other sharply outimed, dense sters are clearlh present, 
e ll e N.G.H . ( noted betwee 210 250 and b Ld 
30) (Hvdra). the other in the S.G.H. betwee 305 and 325° and b 25 
55° (Indus Phe tter clustering is also well shown on the previous diagrams, 
hut its individuality was blurred by the superimposed thin stratum of local galaxies. 
\ comparison with Figs. 4 and 5 shows how this foreign agglomeration distorted the 
pparel pat! f the Lox superg XV il his se rv. leading to an abnormal value 
r the longitude of the intersection with the galactic equat When this situation Is 
recognized then the path of the socal Supergalaxy mn the AS. H ilthough very 
hiv populated—as expect s found to follow 1 e closely the great 


No reliable estimate can be formed at present for the distances of the Hydra and 


Ind S Clusters Mut 1 reasonable Lille may be 5-4 Vip It may he observed that 
within a radius of about 5 or 6 Mpc, a volume of some 500 to 900 Mpec®, we tind two 
mayor supergalaxies ind two somewhat smaller systems ()} the avel Lye each 
occupies a volume oj Space equa to that of a cube hav nga side of 5 or 6 Mpc this 
comes very close to VAN WKY ’S estimate Ot the iverage Clustel cell quoted at the 
beginning, which corresponds to 7 or 8S Mpe 

t mav be added that dynamical considerations lead to a ilue of the order of 
10-5 to 10-27 & per em? for the average density of matter in the Local Supergalaxy 


Mt orde) Ol magnitude tol a condensed region Ol the Metagalaxy. 


t should be recalled again that ill distance estin ites ind derived quantities o1vel 
this paper are on the old scale and will require adjustment when a consistent set of 
distance moduli, absolute magnitudes, ef¢. on the new scale is finally adopted. 


Vore detailed studies will nave to walt untill a much wvel Doody ot homogeneous 


data is available regarding nebular types. magnitudes, velocities ind so. forth. 


Such data are accumulating in the northern hemisphe I" but are still sadly lacking 


ss ithern hemisphere objects and even partial restoration of the balance will 
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On Metagalactic Distance-Indicators 


Knut LUNDMARK 


Observatorium, Lund, Sweden 


SUMMAR 
First, an historical outline is given of the “‘Island-Universs conception (GALILEI, 1609), and of the 
deve lopm«e nt of our knowledge of the nebulae. The cosmological views of the eighteenth century are 


surveyed, and in particular the developments in England during the Restoration Period (1660-1700 
the Augustan Age (1700-1745), and the era of Rationalism and Neo-Romanticism (1750-1820), d 


rT 
NEWTON, HALLEY, HOOKE, BRADLEY, THOMAS WRIGHT, and JOHN MICHELL. The latter’s worl inde¢ 
on stellar-statistical principles resulted in 1767 in the derivation of an average distance of nebulae 
HERSCHEL’S work, and HERBERT SPENCER'S dictum of 1858 are discussed. BOHLIN’s attempt of 1907 
referring to the parallax of the Andromeda nebula, and other work by Curtis in 1917 and LUN MARI 
in 1919 are described. The various distance-indicators are introduced (e.g. the use of novae since 1919 
of supergiants since 1920, of Cepheids since 1924, and of globular clusters since 1931), and absorptic 
effects are considered. On the basis of these indicators a distance of the Andromeda nebula of 1-23 LQ) 
light-years is derived. The importance of supernovae in this connection is indicated, and | 
pointing towards a necessary increase in the metagalact listance-scale 
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WHEN in 1609 GALILEO GALILEI—completely as he thought, but in any case partially 

resolved the clouds and cloudlets of the Milky Way into separate stars, the prophecy 
of DEMOKRITOS and others was fulfilled (reference see LUNDMARK, 1935b). When 
GALILEI also dissolved the Praesepe nebula” into stars, the so-called ‘Island 
Universe’ Theory actually came into being. In its older form this theory, or rather 
hypothesis, held that all nebulae, if observed with sufficiently large and _ perfect 
telescopes, would eventually be resolved into star-like objects. It was also tacitly 
understood that these objects would possess the same physical properties as the 
“fixed stars’. Subsequently, the hypothesis has changed into the idea that there 
exists a Metagalactic System (LUNDMARK, 1927, p. 88), forming a physical unit of the 
calaxies, and now estimated by the present W riter to comprise more than 6. 10° 
of these latter (LUNDMARK, 1954). 

It seems to have been generally presumed that during the pre-telescopic era only 
five or six nebulous objects were known. But the ancients, in fact, had knowledge of 
twenty-one objects with nebular properties, which were believed by astrologers to 
exercise evil influences (BoLL, 1916). These objects included a few false nebulae, 
such as agglomerations of stars other than real clusters, together with gaseous 
nebulae and galaxies, which all have a nebulous appearance to the unaided eye. 

The introduction of the telescope into astronomical work actually advanced stellar 
astronomy very little during the seventeenth century. In this connection it is rather 
significant that as late as 1715 HALLEY published a catalogue of nebulae, which was 
intended to list all known objects. This catalogue contained six items! 

The first list of nebulae which could claim to be a real catalogue is that of La 
CAILLE (1755), which gives data for forty-two southern nebulae, divided into three 


1607 


somewhat over-rated) catalogue by MEssrER (1784 


Ihe next veal 1785. a landslide in nebular astronomy occurred WILLIAM 


HERSCHEL published his first catalogue—giving data for 1000 nebulae and clusters ! 
See HERSCHEL, 1912 
It is a well-known and much ippreciated fact that the star Tages of WinttraM and 
iN HERSCHEL gave rise to a remarkable advance in stellat astronomy Keeping 
s in mind it is easier to understand why as late as in 1755 IMMANUEL KANT 
rebuked the ustronomers 101 having neglected TO investigate the positions and 
numbers of stars with regard to the Galactic Circle. Although admittedly progress was 
slow with regard to the development of astrometry, stellar astronomy, and stellat 
hvsies in this period from 1610 to 1750, it would nevertheless be unfair to say that 
sera was devoid of fruitful astronomical development. We should remember the 
period of solar research between about 1610 and 1630, where the bitter enemies 
GALILEO GALILEI and CHRISTOPHER SCHEINER stand out through splendid contribu 


less 


tions (which have not vet been fully recognized). This period ended more o 


whe he st parts of SCHEINER’S Rosa Ursina were published in 1630. Investiga 
s of planetary surtaces also had their humble be oIMNnings iLround the middle of the 
Qe e) Pe} hn cel ry 
[It so happened that England was to take a leading part in astronomical develop 
ment during the Restoration Period 1660 to about 1700). the Augustan Age (1700 to 
shout 1745). and the era of Rationalism and Neo-romanticism (1750 to about 1820 
Of course. of all the English scientists of this period the immortal Isaac NewrTon 
stands highest mm rank but there is also a proud series of other names, to mention 


only Ropert Hooke. Epmunp HaLuey. JAMES BRADLEY, THOMAS WRIGHT, and 
JOHN MICHELL among very many others 

The greatness of this period should also be kept in mind when judging the work of 
WititiaM HerscHe.. It will not be taken as dwarfish jealousy if | wish to point out 
that HERSCHEL was no isolated, solitary genius, but was able to profit considerably 
from his predecessors. That he did so is beyond all doubt. But then it was not only 
NEWTON who stood upon the shoulders of giants. What THoMAs WRIGHT, JOHANN 


HemsricH LAMBERT and JOHN MICHELL meant to HERSCHEL has so far not been 


fully established. On another future occasion I hope to return to this fascinating 


In spite of the fact that in those days at the most o1 i. score of nebulae were 
known. these bodies were destined to play an important role as presumed galaxies in 


the work that may be termed the “eighteenth century cosmolog) 


™ 4 


\s early as 1734 the great Swedish philosopher and scholar EMANUEL SWEDEN BORG 


WK hee 


1688-1772) suggested, apparently for the first time, that there exist In space many 


stellar systems Of more Ol less the same size and extent as our own Gal UXY. Amon: 


other ideas, SWEDENBORG suggested that the 7”) inets of our solar system have origi 


nated from solar matte} ind have been oradually removed from the Sun. the period 
of revolution having been lengthened as a result \s to the stars. SWEDENBORG 


believed that they are arranged around the Milky Way and that this huge system has 
many replicas. These different Milky Ways constitute new units of higher order, and 
so forth. Naturally enough, these ideas were of a purely speculative nature, and not 
fov nded on any actual observations. Still, they possess considerable value. because 


they give an explanation of the world based on the principle that matter is the same In 
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all parts of the universe and that it is only the form that changes. There is no 
fundamental distinction between the stellar systems and the atoms, or their intrinsi- 
cally smallest parts—‘‘the mathematical points’. The same laws govern the whole 
universe. 

So much for SWEDENBORG. In his very remarkable work, An Original Theory 
or New Hypothesis of the Universe, THOMAS WriGcut (1750), of Durham, expressed, 
probably independently of SwepDENBORG, and in any case much more clearly and 
urgently, the conception of an infinite universe, built up from an infinite number of 
systems of increasing order. 

The concept of an infinite world was next developed in 1761, when JOHANN 
HeinricH LAMBERT published his charming book, Cosmologische Briefe iiber di 
Kinrichtung des Weltsystems. The idea which LAMBERT put forward as to the con 
struction of an infinite world from lenticular systems (simplified to spherical units) 
has more recently been treated (in a strictly mathematical form) by the late C. V. L. 
CHARLIER (1922). 

It is a rather sensational fact that the first estimate of the average distance of 
other galaxies dates back to a quite remarkable paper by JoHN MiIcHELL (1767). By 
comparing the dimensions of the nebulae, thought to be galaxies, with the dimensions 
of our own stellar system, MicHeLt deduced that the brightest stars of a nearby 
galaxy should have the (visual) magnitude 13™8. Bearing in mind that the brightest 
resolved stars in M31 and M33 are actually of photographic magnitude 15™6, it is 
evident that MICHELL’S estimate is not very wide of the mark (MICHELL, 1767 
pp. 260-1). MicHewt derived his knowledge of the extent of our stellar system from 
an ingenious use of the assumption that the stars were equal on the average in 
absolute magnitude and size, and corresponded to our Sun: or, as we would express 
it nowadays: 


M, M toy, D, D.+ ap er) 

or 
My, M and Dy, D., rere) 
where the subscript * stands for the stars and for the Sun: .W and LP denote the 


absolute magnitudes and diameters, respectively; and ¢,, and o, the corresponding 
dispersions. 

Although MIcHELL was not the first to use these statistical principles when dealing 
with the stars (among the others, particularly HALLEY should be mentioned), it is 
nevertheless unquestionable that, among the eighteenth-century cosmologists, it 
was he who made the most extensive use of this valuable idea. [ may thus say with 
out fear of contradiction that this paper of MICHELL’s is one of the most remarkable 
astronomical papers ever written (see LUNDMARK, 1954). 

It is not possible within the scope of this article to discuss the highly involved 
history of the discoveries and opinions of WILLIAM HERSCHEL as to the galaxies. 
This has been for some years under active investigation at the Lund Observatory. 
Here it may be sufficient to mention that, in his great paper of 1785, “On the Con 
struction of the Heavens’, he introduced the term *. . . Milky Ways by the way of 


distinction’ for the large number of nebulae having the same structure as our own 


galaxy. 
We may also remember the story that Sir Wrtu1aM told Miss BURNEY in 1786 that, 
with his large 20-ft, he had ‘discovered 1500 universes: fifteen hundred whole 


distan 


sidereal systems, some of which might outvie the Milky Way in grandeur!” [t ts 

my opinion that Sir WILLIAM never gave up his belief in the existence of real galaxies, 

n spite of the dramatic transitions in his cosmology. We know at least that in 

[S18 he declared: “When our gages will no longer resolve the Milky Way stars—it is 

not because its nature is ambiguous. but because it is fathomless’’ (see HERSCHEL. 

1913 In any case, however, the discussion of this question has been reserved for a 
re extensive Investigation. 

As regards the post-Herschelian development I will only mention the remark made 
by the great HERBERT SPENCER (1858) that all the nebulae were included within the 
boundaries of our Milky Way; we quote SPENCER . when to the fact that 
the general mass of the nebulae are antithetical in position to the general mass of the 
stars. we add the fact that local regions of nebulae are regions Ww here stars are scarce, 
und the further fact that single nebulae are habitually found in comparatively starless 
spots. does not the prool ola physical connection become overwhelming /”’ 

Yes and No! In this case there existed a tertium datu HERBERT SPENCER Was 

iware of the fundamental division of nebulae into two main classes. And the 
vbsorption in our galaxy strongly influences the distribution of galaxies in the sky 
uation at the end of the nineteenth century Is ¢ x pressed by the learned 
historian AGNES M. CLERKE (1890) in her book (excellent in many ways) T’he System 
r ] 


Ihe Stars Che question whether nebulae are external TalaXles hardly aAll\ longel 


needs discussion. It has been answered by the progress ol discovery No competent 


iker, with the whole of the available evidence before him, can now, it is safe to say, 


maintain any single nebula to be a star system of co-ordinate rank with the Milky 


Way This pessimistic dictum was repeated in later editions of the same work, 
is | remember. as late as 1905 


Nor did the first observational results of the twentieth century sustain the bold 
ideas of the eighteenth. It is true that SCHEINER (1899) found at Potsdam that the 
spectrum of the central parts of the Andromeda nebula was of solar type. Howevet 
no use of this result was made in the way of distance estimates. 


The problem soon became very complicated In 1907 the late KaRL BouHLIN, at 


Stockholm. published very extensive and careful measurements of the trigonometric 


parallax of the Andromeda nebula. The surprising result was: 7 0.171 0.05] 


It took quite a long time to find the systematic errors which had crept into the 


observations and had falsified the results of these extensive series, Comprising some 
$0,000 settings. In my papers on “Studies of anagalactic nebulae’ it was shown with 
high probability that hour-angle errors were mainly responsible for the erroneous 
result (LUNDMARK, 1927, 1929). 

During the second decade of the twentieth century several other attempts were 
made to derive distances for these objects, subsequently known as galaxies. MAX 
Wout 1912) made a comparison between the apparent dimensions of the dark 
nebulae. or “Sternhéhlen’’, identified in eight galaxies. and the absolute dimensions 
of the dark nebula in the vicinity of Nova Persei 1901. Such a method may be found 
suitable when sufficient material is available. but it failed in this case. VERY (1911 
compared the supernova S Andromedae with an ordinary Milky Way nova, Nova 
Persei 1901. and deduced an extremely low distance of 1600 light vears for the 
Andromeda nebula. 

In 1917 CURTIS compared the maximum magnitudes of five novae in four spirals 


with those of the Milky Way novae: he concluded that the nearby spirals were 
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situated at an average distance of some tw 


illion light ears. This over-estimat 
involved various systematic errors: five objects in the spirals thought to be ordina 
novae were in tact supernovae On the other hand. CURTIS assumed for the 
distance of ordinary novae in our Galaxy 


the excessive value of LOO OOO iohnt-vears 


2. MODERN DISTANCE-INDICATORS 
. , \ 
Kor extremely distant o yyects such as the galaxies with which we are 
use ot distance indicators has proved TO hye t he only Way to determine ra | 


concerned. tl 


stances Wit! 
a fair degree of reliability \ “distance-indicator” is represented by a certain group 
of astronomical objects. which on the ave wwe have the same physic il propertte 
different galaxies. A knowledge of the mean distance and the dispersion about this 
mean for a certain well-known and well-defined group will then make it easy t 


compute the distance of a certain galaxy, provided that we know the value of 7 for 
the corresponding group in some other galaxy. Hitherto mainly the absolute mag 
nitudes of different groups have been used as distance-indicators 

The first attempt to do so was made in 1919, when I derived the di 
Andromeda nebula with the aid of 17 the mean absolute magnitude for a fe 


galactic novae. For the Andromeda nebula the distance was found to be 


\ 


Hyoyth COO) 


light years LUNDMARK. 1919 


In the same year it was found that there were traces of resolution into separate 
star-like points in the outer parts of the “nebulosity” in the Andromeda nebula. Fo 
evident that the resolved star-like 
stars and huge luminous object 


several reasons it seemed to be 
hona-fide 


objects were 


s Chen a COM parison Was made pe 
these stars and the absolutely bright st stars 


twee! 
in the Milky Way system \ distance 


given above was found for the Andromeda 
nebula. But it had a much lower weight (Li 


Let us denote 


of the same order of magnitude as that 


Y,DMARK, 1919, 1920a, 1920b 
the mean absolute magnitudes for a certain group of stars in two 


galaxies with the subscripts one and two, respectively. Then we have 


where o stands for the mean error. From the equation connecting .W and m it 
easy to derive 


9 Mt, Whe 7) OY I, OY - ho? . } 


where / is a constant. 


The supposition to be made here is that the last term, ¢.¢. the dispersion, should be 
rather small. Since é& is at the most 1-38, it is clear that o should be smaller than 
0™5. But if o can be determined with accuracy, a higher value of the dispersion 
than 0™5 can very well be tolerated. 

Among the distance-indicators which can be applied to the Inner Metagalaxy 


(R 


10? light-years) I shall mention in the following only those that can be used to 
advantage in the case of the Andromeda nebula. The date when the given indicator 
was first used is given in parentheses. 

(1) Wimax of novae (1919); (2) magnitude of brightest non-variable stars, i. 


super-giants of super-brightness (1919); 


cae epheids absolute magnitudes, derived 
from periods (1926); (4) total magnitudes of globular clusters (1932). 


“oe max O/ Novae 


In spite of several corrections which have to be applied to the observed Mian, it 
still seems that the novae furnish a distance-indicator which deserves a rather high 
weight. The number of novae in our Galaxy amounts nowadays to some 120, and 
the number of novae in the Andromeda nebula to some 110, most of them discovered 
and studied by Epwin P. Hussue (1926). The corrections to be applied to the 
absolute maximum magnitudes of novae have been discussed at length in a paper, 
“On the Novae and their Classification among the Variable Stars’ (LUNDMARK, 1934). 
Here it will only be mentioned that it was found rather a long time ago that each 
nova for which individual determinations of 7 were feasible gave values of MW which 
on the average were higher than the .W’s derived from group-parallaxes of novae. 
This discrepancy arose mainly from the fact that the magnitudes of novae for which 
individual parallaxes can be derived were known better at maximum-phases than 
the magnitudes of those used in the derivation of group-parallaxes. From an 


analysis of the whole set of Andromeda novae it was found that the dispersion in the 


absolute magnitude, co, oy... is equal to + 0742. The mean value of M for 
galactic novae has been determined as fics Dl 


2.2. M of Super-Super Giants 


{s a rule the value m,;, i.¢. the average magnitude of the twenty-five brightest 


) 


non-variable stars in a certain galaxy, has been used as distance indicator. In the 
ease ol the Andromeda nebula. as well as for several nearby calaxies. it is possible 
to use the upper part of the luminosity curve 4(./). The limiting value of 7,. has 
been determined as 7“6. Thus these latest results reached confirm the earlier 


relation established by the present writer 


M ee M — sn a te 


: Ae, a VW derived from Pe riods of ( e phe ids 


In 1924 HUBBLE discovered a number of ¢ epheids in the Andromeda nebula (refer 
ences, etc., see HUBBLE, 1926). The final reduction of the propel motions of ¢ epheids, 
mainly derived by the present writer, is not yet completed. Consequently, in spite 
of the excellent suitability of the ( epheids as distance-indicators, I have preferred to 
give their 7 a somewhat lower weight. This value is derived from a preliminary 
discussion, details of which are given in LUNDMARK, 1935a. In what follows the 
zero-point correction derived by HENRI MINEUR (1944) has been applied, which 


supersedes an earlier value by the present author (1935a 


2.4. Mio Oo} Globular Clusters 


The discovery by HuBBLE (1930) of 140 globular clusters in the Andromeda nebula 
made it possible to establish another distance-indicator in metagalactic astronomy. 
In fact, globular clusters were known earlier in the Large Magellanic Cloud, but the 
modest number of objects somewhat restricted the use of this group for such a pur 
pose. In later years an investigation of the total absolute magnitudes, Mot, of globular 
clusters has been carried out at our institute at Lund. In his excellent monograph, 
“Star Clusters’, HaARrLow SHAPLEY (1930) has given a concise treatment of the 
methods used in his investigations of the globular clusters, as well as an enumeration 
o1 all his principal results with regard to this group of objects. 
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At Lund the different determinations of magnitudes (SHAPLEY’S Mpr, Mg. Mag 
as well as CHRISTIE'S total magnitudes) have been reduced by the method of regres 
sion to the mean magnitude of cluster variables, i.e. to SHAPLEY’S Myar. The meot as 
given by SHAPLEY have been correlated with myar, and the Mio then derived 
Inasmuch as these magnitudes are “absorption-affected”’, the necessary corrections 
for absorption have been applied using the colour excesses given by STEBBINS, 
HvuFFER, and WuHitrorRD. Where no local individual corrections could be derived. the 
cosecant law was used. 


ot). Summarized Re sults and Absorption Hftfects 


Numerous other questions have also been examined (relation between magnitude 
and diameter, relation between Mot and SHAPLEY’S classification symbols I-XI] 
and so forth), but here we shall restrict ourselves to the distribution of the M,.. 
values. It appears that the distribution of VW, +18 a normal one their mean value is 


6496 + O14. 
Table | Results f t} | la galaxy (1946 
D D WW 
| Novae 2307 1-79 10 » 
2) Super-Super Gia 1-63 10 
} Cephe is (per | 7 ) 1-30 LO 
$) Globular 1 s 1-86 10 
Weighted mea 23M 72. 108 lig 
Unweighted i 23M5 67.10 gy il 
When deriving the fundamental equation ./ m 5 5 log z, the assumption 


is made that light travels in an absorption-free space. Suppose, however, that there 


is a constant amount of absorption, or, which amounts to the same thing, that th 


1 


density of interstellar matter is constant then we have 
M aL D 5 log } | a bl on (6 


where rs the distance freed from absorption and a is the absorption pel distance 
unit (LOOO parsecs). 
In the general case this fundamental equation can be written: 


M y(m) D 5 log r a(r) eee 


Here y(m) stands for the change in m, arising from the circumstance that only very 
few photometric systems are expressed in the actual international photometric 
scale, i.e. based on the relation: 
m 2-5 log 2, Pe .) 
where 7 is the total intensity of the light emerging from a star. 
The term a(r) in equation (7) is the absorpt ion-function, and expresses the influence 
on M exercised by spatial absorption. As to the form of y(m) it can be said that this 
function varies between rather narrow limits; generally it can be approximated by 


a power series in m; in some rare cases humps or even quasi-discontinuities appear 


\s to the function a(r), the assumption of its continuity is certainly an approxima- 


tion. On the other hand, the discontinuities are well marked by Nature herself 
dark nebulae) and, in practice, it thus involves no great danger to assume in general 
a to be a continuous function. 

At present, there is scarcely any better way to take account of the absorption than 
to assume that. if } is the galactic latitude and 2 r sin } (where r is the galacto 
centric distance), and furthermore Am the absorption effect, we can write: 


Am =a [eM -2orqy ...(9) 
and 
M }} DQ log / ) a f dr. ...(10) j 
where the quantities 9, z), and @ are constants. 
These two equations (9) and (10) can be used for determination of the r-values 
freed from influence of absorption. The solution of the equations is most conveniently 
made by successive approximations. All the distances in Table 1 should now be 


corrected for the influence of absorption In oul Galaxy on the light coming from 
outside from the direction of the Andromeda system. There is no better way, at 


present, to correct for this effect than to use the cosecant law: the absorption correc 


tion thus turns out to be 0°66, Consequently, the final distance modulus becomes 
m M 22"9 and the corresponding distance R 
R 1-23 . 10% light-vears 


The use of equal weights would have made very little difference to the result. Objec- 
tions mav be raised against the application ot the same correction tor galactic absorp 
tion in the case of globular clusters as in the other cases: but to day we do not know 


how we could do better. 


3. SUPERNOVAE AS DISTANCE-INDICATORS 


As soon as we know of more supernovae than we do at present, these objects will 


certainly prove to be very useful distance-indicators on account of their inherent 
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dispersion around Max. It is to be regretted that Frirz Zwicky’s heroic work in 
discovering and studying a dozen supernovae (mainly reported in the Publ. Astron 
Soc, Pacific), has not so far inspired others to take up new searches of the same kind. 
(The author includes Fig. | to illustrate an Interesting case 1n his expt rience 

For five supernovae, in particular, a so-to-speak “‘absolute’’ determination of 
their intrinsic magnitude at maximum, Wax. has become possible, because the 
difference between the mean apparent magnitude of the brightest stars, m y= and that 
at maximum of the supernovae, max could be directly determined Using the 
relation 


1 oe ii ‘ hos M., | | 


the following results have been found 


S And 17-0 yA 
n NGC 1003 | | 9 
IC 4182 Lif 9 
n NGC 4486 15°] 
NG 157 14-8 
Weigl | 1( 0-40 
The mean error of one determination is 0-9. As to the inherent dispersion in 
M, ix it can only be said that it does not exceed 0-6. but that it is probably muen 


+ 


smallet than this. As soon aS more extensive mater! 7 becomes available. W ith 1 bette 


knowledge of Myyax and oy —, even such a small set as, say, three supernovae 


} 


) 


within the same galaxy will give us a fair value for its distance (Fig. 2 This is 
particularly important in so far as eventually the supernovae will enable us to reach 


much farther out into the metagalaxy than is possible up to date. The present results 


l 


seem to have established the following relation 


| a ~ M,, | er. 


t. THe MASSES OF GALAXIES 


(Juite early it was found that a rough estimate of the total masses of nearby calaxies 
was feasible as soon as for a given nebula a value was obtained of d/ dr, 7.e. of the 
gradient in radial velocity, 7 being the absolute distance from the centre. The value 
of the last quantity follows from a fair knowledge of the parallax of the system 

As far as [am aware, HUBBLE (1920) was the first to give an estimate of the total 
mass of the Milky Way and of a “nebula” in its neighbourhood. Starting from a 
model of the Milky Way in the form of a ring around a central slightly flattened cluster, 
and making certain assumptions (taking the mass of the central cluster to be LO” 
he derived the period and density of the Milky Way, and compared it with those of a 
typical nebula placed at such a distance that the diameter becomes equal to that of 
the Milky Way. He found the distance of an average nebula should be about 


6. 10° light-years and its mass 1-6. 10! >; this compares favourably with latet 


results. 
Next Oprk (1922) used the principle established earlier by CAMPBELL and Moort 
| | ; 
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to estimate the minimum mass of a planetary nebula. Optik started from PEASE’S 


measurements ¢ 


1-46. 10° light-years and 


f rotation in 


the Andromeda 


nebula and derived a distance of 


a mass ot 4:5 10” 
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galaxies by 


In the follow Ing 


intention 
HUBBLE, 


LUNDMARK, 
Table 


PANE 

NGC 224 
NG ,ON 
NGC 3031 
NGC 3115 
NGC 4111 
NGC 4594 


NGC 5194-5 


Vstem 


to discuss here the 


Wi 


/ 
f 
/ 


subsequent derivation of 


Mayan, Wyse, ALLER, HOLMBERG, and others 
| have selected those determin tions of total d Lmnica 

M, 

it 

0 H 1952 

) B 1H Si 1O4¢ 

0-2 | 1929 \\ \I 4 

2°5 H 1952 

) \I \ 1942 

30 L K (1925 

() | \ L925 Hr BLI Love 

20-0 | 1926 B aD L937 


Masses Wey 


ind total absolute magnitudes (.Wio+:) which seem to me reliable. The 


correlation between the two quantities turns out to be 


0-771 0-135, 


he regression lines become 
Mint 1-46 Vins i2°3 
5 
Mins 0-13 Whos 16-58. 
diagram given on p 1617 (Fig. 3) illustrates this comparison in detail 
5. A New DISTANCE-SCALI 
ie previously mentioned for the distance of the Andromeda nebula, as 
ed in 1946, points in the same direction as the results for this svstem com 


cated by Water Baabe at the Rome Meeting of the International Astro 


Union i 1952 BAAD! 1954 Also other results recently obtained by 
y (1952), THACKERAY and WESSELINK (1953), GASCOIGNE and Kron (1953 
1Q52 wd YV oO ers point towards i mcrease 1n ou metagalactic distance 


I sl} return to certain aspects of this problem as soo s more definite results 


Red-Shifts in the Spectra of Extragalactic Nebulae 


\ 


Minron L. Humason 


\\ PP? () 


| Moun 
Ds } \] we { tl 
g y \ HO A ! 
1?.0 Largest i-sI 
5 ay 2 ( OSD.) O3sZ2Z 
Q | Z \t 
iH) 
1) 
| \\ 
| 
v7 
V 
s ( SCOPT {BS 
EXTRAGALACTI nebulae ire svstems of stars far outside our own stellar svstem 
Many n ons of them are scattered throughout space. but lare ol the same genera] 
er of Tor i] d Origntness When classitied. t| e\ nto al orde red sequence, 
ging from the compact globular tvpes to the spiral forms Their luminosities 
iverage rbout LOO million Suns. the irge mayority of the being from one-half to 
wice this r or lf 


Th nrst elocity of in extragalactic nebula. the Great Nebula in Andromeda. was 
measured by V. M. Suirpuer. of the Lowell Observato it Flagstaff, Arizona, in 
1912." By 1925 SLIPHER had measured the velocities of forty-one nebulae ind two 


others had been measured at Mount Wilson.’ Two interesting facts emerged from 


Sy S obsel tions | line displacements if interpreted as Doppler shifts, 
mt cases woe IMndicating velocities iS 1g is SOO km per sec., fal 
nicgnel thar those ol any oTtnel istronomical NOCdIeS 2 mes nm the spectra ot 
{ , 
hirtv-eigl f the for hree nebulae observed were shifted toward the red. 
Indi iting velocities Of recession 


In 1916 it had been predicted by DE SITTER 


ym the theory of relativity that 
yulae should show receding motions which would be greater, the greater the 
distance of the system. The pre ponderance of recedin elocities In SLIPHER'S list 
seemed to indicate that DE SITTER’S prediction might be correct. but it was not 


then possible to make an observational test, because the distance criteria were not 
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sufficiently accurate to give reliable individual values over the relatively short 
range covered by the velocities. 

The important discovery by HUBBLE, in 1923, of | epheid variable stars in some of 
the nearer systems’) removed this difficulty, since stars of this type may be used to 
determine the distance of any system in which they are observable.“ HtuBBLE also 
found that the brightest stars in late-type spirals and irregular nebulae could be 
used as suitable distance indicators pro ided they were calibrated by the ¢ epheids 
in a few of the nearest nebulae. For systems so distant that individual stars could 


not he observed. the nebulae themsel eS could he used as distance indicators Once 


the luminosity function was obtained 
2. Frrst FORMULATION OF HUBBLE’S LAW oF RED-SHIFTS 
With reliable distances HuBsBLE was able to investigate the relation between 


distance and motion and to derive for the nebulae then observed a linea 


rel itionship 


between velocity and distance within a region of space whose boundaries were defined 
by the most distant nebulae in SLIPHER’S list of velocities. These were five nebulae 
in the Virgo cluster, which were estimated to be at a distance of about 7 million light 
years. The relation indicated that the velocities of nebulae increase at the rate of 
about DOO km pel sec. pel million parsecs of distance and that. once est iblished the 
relation could itself be used as a criterion of distance for all nebulae whose velocities 
were known.” A further test of the relationship depended upon extension of the 
observations to fainter and more distant nebulae, and in 1928 it was decided to 
undertake such an investigation with the 100-in. Hooker telescope at Mount Wilson 
: 


First definite results were obtained when members of a cluster in the constellation 


of Pegasus were found to be receding at an average rate of 3700 km per sec.) This 


+ 


value was in good agreement with HUBBLE’S estimated distance of the clustet 


23 million light vears—and indicated that velocities would continue to increase a 


still greater distances. A programme was then planned a) to extend the range in 
distance to the observable spectroscopic limit of the 100-in. reflector by measuring 
velocities of the brightest members in faint clusters of nebulae bh) to investigate 


+ 


the difference, if any, between velocities Ol bright and faint members ot seler ed 
clusters: and (c) to obtain as many velocities as possible from field nebulae. 
Because all members of a cluster are at the same distance, and the distance of a 
cluster can be rather accurately measured by the mean apparent brightness of the 
many members, it was felt that observations of cluster nebulae would provide the 


] 


surest test of a relation between red-shift and velocity. Kon spectroscopic observa 
tions, clusters of nebulae are particulai ly iivantageous since the two o1 three brightest 
members are often from one to two magnitudes brighter than the average. The 
selection of brightest members in clusters insures Maximum distance for any given 


apparent magnitude. 


3. SPECTROSCOPIC OBSERVATIONS ON Mount WILSON 


The Mount Wilson observations were st uted with the Spectroscopic equipment 


then available, but it soon became evident that to push the observations to the 


\ f the disco, ( | \ 


extreme limit i vain in instrumental powel would be required The first step in this 


direction was made when RayTon of the Bausch & Lomb Optical Company designed 


objective for the camera of the spectrograph The Rayton camera made 


e to obtain spectra of faint nebulae in about one-eighth the time prey iously 
Late developments led to the desion ot Schmidt tvpe spectroscopic Cameras 


rreatel speed und the use of more ti insparent olass for the prisms. 

improved spectroscopic equipment, the use of baked plates for long 
exposures, |! ind faste1 photographic emulsions developed by he Eastman Kodak 
Company, made 


it possible O extend the obser) tions to the limit ol the LOO in. 
T¢ escope which was rbout 230) million lio distance, velocities were 
f the order of 10.000 km per sec ! ‘“overed a range about thirty-five times 


iilable when Hubble first formulat 


listance relation. They 


100-in., the increase in 

proportional to the in a n distat vy 1950 when the 
hecame available pectr ie work. over 500 nebular 
Wilson results 


tension ot th ocity-d ince relation are 


uncert unties ot the 


ind the 


Out 930 km pel 


iccounted for by 


tion of the stellar 


ind uncertain eC] SOC. towards 


qu Laran 


| 


loes not operate with tl it | Group. 


l ] | 
lations. fitter CIUSTeTS. resolved 


Minton L. H 


nebulae and field nebulae, and, of course, displaced from one another by magni 
tude intervals indicating relative absolute luminosities, could be used to calibrate 
all the relations in terms of brightest stars. Assuming .V/ 6°35 for brightest 
stars, the corresponding values for field nebulae and the fifth brightest nebulae 
in clusters were 15-20 and 16°45, respectively. 14 


t. SPECTROSCOPIC OBSERVATIONS ON PALOMAR 


Beginning in L950 spectroscopic observations of nebulae were started with he 
200-in. Hale telescope on Palomar. First observations were made in June, 1950 
with a spectrograph designed primarily for nebular work and used at the f/3-3 prime 
focus. This spectrograph contains a mirror collimator O1\ ing as in collimated be Lm 
and having a focal length of 10 in. The dispersing element is a plane grating having 
15,000 lines per inch and blazed for first-order 24500. Two Schmidt cameras of the 
solid-block type are used in the spectrograph: one having a focal ratio of f 0-47 
the other, a focal ratio of f/1-0. Dispersions are 370 A per mm and 190 A per mm, 
respectively. Both cameras give excellent definition.” 


The initial programme for the 200-in. was outlined as follows: 


(1 Re-observation of nebulae in two or three of the most distant clusters observe 


with the 100-in. to check the limiting observations made with that instrument 
test the speed of the new prime focus Spe ctrograph. 

2) To test and extend the law of red-shifts to the Spectroscopic observation 
limit of the 200-in. 

(3) Obtain velocities in groups of clusters at suecessive intervais of about 
10,000 km per sec. to furnish mean points for the correlation curve of red-shifts an 
ipparent magnitudes. 

(4) Observe a selected list of bright nebulae at large southern declinations which 
eould not be reached with the 100-in. 

(5) Observe additional nebulae in the oo and Coma Berenices clusters, fie 
nebulae, and members of small groups to obtain the velocity dispersion withi 


clusters and groups as a function of total population. 


During the three vears since the nebula spe trograph has been in use at Palomat 


a csood part of the initial programme has been complete 1. Re-observation of those 


clusters at the observational limit of the L00-in. has in every instance confirmed the 
results obtained at Mount Wilson and provided better quality spectrograms. 

Exposure times at the 200-in. prime focus are about one-fifth of those formerly 
needed at the Cassegrain focus of the LO00-in 

The law of red-shifts has been extended to a distance of some 350 million light 
vears, at which distance red-shifts are of the order of ¢.d//2 61,000 and HUBBLE Ss 
relation is still appreciably linear (Fig. | 

Velocities from several groups of clusters at successive intervals to furnish mean 
points for the correlation curve have been obtained. 


Several nebulae at large southern declinations have been observed. 


Additional velocities from nebulae at greatel distances from the centre ot the 
{oma Berenices cluste have been obtained. 
These first results with the 200-in. indicate that the observations can be extended 


to still more distant clusters and it is hoped that the law of red-shifts can eventually 


CLUSTER DISTANCE IN 
NEBULA IN LIGHT-YEARS 


VIRGO 


3/3889 He, at right (red) 45016 He >) 


be defined toa distance of some 500 million light year’s However, the spectrum of the 


night sky becomes stronger as ex posure times are increased for fainte objects 


Beyond 350 million light years nebulae are extremely faint light sources and thei 
spectra become almost completely obliterated by the spectrum oft the night sky. 
Greater red shifts will displace the H and IX lines into a more favourable region of the 
spectrum, however, as bright bands in the night-sky spectrum are not so pronounced 


in the region from 74700 to 75200, 


Mitton L [ASON 1625 


If larger red-shifts are observed, it will also be necessary to change from the 


blue-sensitive emulsions formerly used to a plate sensitized for green light. For 
c.dz/2 61,000 km per sec. the red-shift for the H and K lines amounts to some 


804 A units and their displaced wavelength is in the vicinity of 24750, which is close 
to the long wavelength limit of blue-sensitive plates 


; 


Another problem in the observation of greater red-shifts is the discovery of faintet 


and more distant clusters. At the present time it is probable that only one clust 


e) ~ 


known which may be more distant than Cl. 0855 0322 (Hydra), shown in Fig 


H 


Re 


ilthough several possible cases found on the National Geographic —Palomar Observa 
tory Sky Survey are being checked with the larger reflectors. Otherwise it appears 


that discoveries will depend on chance finds with the L00-in. and 200-in. 


Some of the results obtained with the 200-in. are shown in Table 2 
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(‘omparison of the Mount Wilson and Palomar velocities with those 
ist and with some 100 unpublished velocities observed in common with MAYALL at 


the Lick Observatory shows that they are in good agreement considering the small 


lispersion used. Mayan has now measured the velocities of some 280 nebulae, most 
I then being late type spirals ind systems of low surface brightness. Both the Lick 
ind Mount Wilson—Palomar velocities are soon to be published. The two lists will 
include about 750 individual nebulae. A full discussion of the results must await 
publication of the two lists but it can be said that the combined data confirm 
HvusBBLeE'S Law of Red-shifts out to a distance of about 350 million light years and 
that red-shifts. when expressed as c.d//7 sti continue to crease at the rate of 
ibo 530 km per sec. per million parsees (FI » 


‘he large red shifts ODSe] ed with the POO-1} how ipproximate one-fifth the 
Ve locity ol light Howe el The use ot the terms red shift wnd velocity should he 


] 
+ 


clarified as the relativistic corrections for the larger red-shifts are becoming increasingly 
sreater and more important. Quoting HuBBLI The term | red-shifts will be used 
for the fractions, d/ /. by which details in the spectra are shifted. The shifts can not 
be distinguished from Doppler shifts: they are constant throughout any given 
spectrum within the errors of measurement, the most reliable tests being those made 


on emission lines in large-scale spectra trom Ha to 43727 The term ipparent 
velocity” will be discarded, and replaced by ‘velocit signifving ¢.dz//. or red-shifts 
expressed on a seale of velocities The procedure Is not formally correct but it is 
convenient — 

If red-shifts are velocities, then measurements of line displacements should be 


reduced hy use of the relativistic Doppler equation md true velocities would 


{1 J 


917 NONIIW NI JDNVLSIO 


ew 

ki 

| 
I> 
i 
( 


Stllati¢ 

( rie 
t ! ( 
CPLOC] es 
d MO Kk 
ip 
} 

S } 

eS 

eli 

| 
is 
SS1D 
neb 


were 


_ 
Qo 


pel 


lah 1 


fol 


| 


ie values cd) / 


instance, the 


know a 


Se 


E first defines 


From 


“. for every 


( 


neither 


extensive 


eh unged the 


{ 


used in this 


Own 


\] 


TOSe] K1i¢ 


from the 


ithnougn 


4] 
the 


ic 


in the Tables | and 2. For a 


velocity would be about 10 per 


1 the law of red-shifts in 1929, 


lata then available he found that 


million parsecs of distance. It is 


additional observations at 


Mount 
ilue of the HUBBLE constant. 


irticle has not been changed from 


work of BAADE and others that the 


na ilue for the correction has 

und will approximately double 

ill of the distances used in this 

s observed for velocity and the 

of the red-shifts can be formu 

( nature of the Universe. 

d-shiits are velocity shifts. Hf 

ling away from us at velocities 
tself—the Universe—is ex V 
And finally it n L\ be possible 1 

termine the time at which the 


JOL. 
1956 


COSMOGON Y 


p. (43 1954 

. These were 

It is good tl 
would be stunted 
in the world woul 
measured with tl 
metrical svmbols ot 

SIR ARTHI 


i 


\\D 


\ 1) 
vid | 
it ! lt 
g I it B 
1? ! 
Dal } tT 
t _— 
ideal 1 { 1 
| 
ollated 
ti 1 
I } 
ind to « } 
t extract l 


ee 


COSMOLOGY 


yn that one can work only tht 
vere so we would still know absolu 
I i istronomy. a ae | ha I! 1 
igments .. without ever having had 
ng the individual parts physically 
would of course be to have all the 


The next best ind the 
lure is to utilize whatever Is a\ 


with whatevel! theore 


mm the existing material. And the 
d all possible errors consists in doing 
| on the deciphering of ineiform 
lonian Planetary Theory’: Proceedings 
Philosophical Socvety, vol. YS No | 


t moments when we fell below ourselves. 
there should be such moments for us. Life 


id narrow if we could feel no significance 
beyond that which can be weighted and 
tools of the physicist o1 described by the 


the mathematician. 


IDINGTON, The Vature of the Physical 


umbi idge, 1929. 


On the Origin of the Satellites and the Trojans 


GERARD P. KUIPER 


1. INTRODUCTION 


IN the nineteenth century one had every reason to regard the problem of the origin 
of the satellites as analogous to that of the planets. The satellite systems as then 
known exhibited great regularity in orbital characteristics—eccentricities and 
inclinations with respect to the equators of the central bodies—actually more so than 
the planetary S\ stem itself. It is true that Triton. Neptune's bright satellite, moved 
in the retrograde sense with respect to all planetary motion around the Sun, but it 
was assumed that Neptune's rotation was retrograde also, in continuat:on of the 
trend set by Jupiter, Saturn, and Uranus which have obliquities of 3°, 27°, and 98 
respectively. The fact that Triton’s eccentricity was zero seemed 200d support of 
this contention. 

This pleasing picture was upset by the discovery of Phoebe by W. H. PICKERING 
in 1898. Its motion was retrograde while the rotation of Saturn was unmistakably 
direct. This situation caused much wonderment and great efforts were made to 


explain this anomaly. One explanation was offered by PICKERING himself, namely: 


“that the planets originally rotated on their axes in a retrograde direction, and that unde1 
the influence of tidal friction their axes of rotation had gradually tilted over into their 
present positions. If, then, a satellite were thrown off in a very early stage of the planet’s 
evolution it would commence moving in a retrograde direction round the planet. If the 
oblateness of the planet were very small, or the satellite at a considerable distance from the 
planet's centre, the plane of the orbit of the satellite would not follow the plane of the planet’s 
equator as it tilted over, but would fall back into a stable position near the ecliptic a 


1631 


ised in this paper for the plane of the planet’s orbit Such a satellite would remain 
retrograde type exemplified by Phoebe. If, however, the satellite were evolved in a 
stat f the planet s development ifter the planet had greatly contracted and become 
satellite would move in an orbit whose stable position was almost coincident 
planet's equator, and the satellite would follow the planet’s equator. Most of the 

k ns tes of tl iv svstem fall into this class 


The above quotation is taken from a detailed study of this hypothesis which 


P Tessor STRATTON undertook iT the beginning ot this century | ‘ \t the end of 
s investigation STRATTON characterized planetary inversion as “‘a speculative 
nvpothesis 


\fter Phoebe came further upsetting discoveries \t the turn of the century 
Jupiter was thought to be endowed with five satellites, making a compact and 
he tifully regular svsten Between 1904 and 1951 seven additional satellites were 


d, belonging to two groups of three and four membe which have inclinations 


/ 


t Hout 3O pale 150 respectively TO the planet ry equ TO! Then. in a dithicult 
spectrographic study carried out with great skill. the Lick astronomers showed in 
1928 that Neptune had a direct rotation after all. And, to make matters still more 


fused. in 1948 a faint outer satellite was discovered to Neptune. having direct 


byt erv eccentric orbit leaving Triton with te retrograde hut cireculal 
pe l r kind of intermediate position 
ed . Ev I \ 1) l} R ké | S S 

n spite of the manv exceptions that are now known to the simple model, of satellites 
} ng direc sense in nearly circular orbits of rw one ination to the planetary 
eg the mode } Cc } yS } rest his ~ Hes strate | ah T Ie Case ot 
nus Table | O es the principal elements according to a recent unpublished 
determination by Dr. D. L. Harris. Thev are based o1 series of plates taken at the 
(‘asseg n focus of the S2-in. telescope initiated by the writer aftel the discovery ot 
Miranda \ number of supplementary data due to HARRIS ire Given in Tootnotes to 


ire from unpublished 


work by Miss GROENEVELD and the writer 
the writer on photovisual plates. 
orbital eccentricities and inclinations 


and this in spite of the fact that the plane of symmetry 


the other magnitudes are 


estimates 


\ 


regularity’ is measured by the smallness of the 


t | 


s inclined 98 


e regularity of the Uranus system is extreme 


1 the orbit 


around the Sun. This extreme obliquity has apparently no noticeable effect on the 


regularity of the satellite orbits: 
are intimately connected with the planetary rotation. 
In this connection it 


sequences that result from a developing gas cloud as compared to a rotating cluste 


is instructive to rel 


of discrete solid masses. 


widely as the satellites are, 


Uranus: 


ot rotation will 


(depending on the density and internal temperature 
in circles of zero inclination. 
densation products of such a fi 


regularity of their 


This, however, 


by 


motions 


is not enough. 


while a gas cloud will damp out 


| 
i¢ 
! 


Kor discrete masses of 
rotating cluste! 


mass motions pal illel to the com 


if somehow 


The satellit 


and their compositions are very different fron 


The compositions might be 
the gas cloud from which they arose was 
tion \t any reasonable temperatures whicl 
cOMposition can then be understood 
and not innumerable small ones 
of the origin of the satellites 
in the next section 

The unalog of the systems « 
very good in the main, is incomplete In some respects 
rotation is much slower than expect 
Jupiter and Saturn and in an absolute set 
rotating solar nebula 
\lso its obliquity of 7 


by postulating that the angular momentun 


itself, 


mncrease ANY small initial obliquity that the Sun might have had 


The problem is somewhat similar to the i 


that 


the solar nebula was segregated 


iccounted tol 


Is Tol 


seems puzzling 


i] 


Such a transter of angular momentu 


ppl 


( 


tl 


re 


stages of solar tidal friction and evaporation 


this momentum transfer to the solar nebula was due to a hydromagnetic coupling 


on the fundamenta 


will eventua 


with Its parts moving 


on Of the 1! inets 


s the presumed product 


One is led to 


cle rly the presence and the motion of the satellite 


different 


is Is re clily i 
ise ol p! inetary obliquities dur 


issume 


which became possible when the interior part of the nebula became ionized 


the 


because the Sun began to emit ionizing radiation oO} because the proximity ot the 


Sun led to high velocity particles 


unique 


The division between the regular satellites of which those of Uranus 


examples, and the irregular ones such as those of Neptune, is fairly cl 


all old dwarf stars appeat to have slow rotations. 


problem of the slow 


TION 


shown by Fig. | which gives a plot of ¢ against ¢ for all known satellites. Ultimately, 


however, the basis of classification must rest on the mode of origin of these bodies 
and any provisional, empirical dividing line between the two groups will later have to 


he adjusted accordingly. The entry in Fic. | of distant satellites belonging to planets 
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j ng large obliquites (as for the Earth, Saturn, and Neptune) requires an explana 
tion. The case of Iapetus may be used to illustrate the point (ef. Fig. 2 
one ignores all but the seculat change s. the orbit of lapetus may he characterized 
is follows: the pole of the orbital plane moves in a (nearly circulat ellipse around the V 
pole of the proper plane (which plays a role similar to the “invariable” plane of the l 
bs 
. 
“ ° 
———p 
RY “i 
avr 
2 | QO 
S cK ee R 
| ] | 
pl ynetary system): the proper plane passes through the intersect of Saturn's equa 


torial plane and Saturn's orbit; it divides the 27° angle between the two Saturn 


planes into the ingles ? with the orbit and 7’ with the equator such that |2 


K sin 27 K’ sin 22 


in which A is the perturbation function of the solar tidal effects and A’ the perturba 
tion function combining the effects of Saturn's oblateness and of the inner satellites. 
Thus, at a given distance from the planet the proper plane is fixed dynamically, and 
regardless of the origin of the satellite it is forced to move svmmet rically with respect 
to this plane. The function A is proportional to a*, while the planetary part of kK’ 


varies as a~* and the satellite part roughly as a@-*. For the outer satellites the 
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ratio vv’ will therefore vary somewhat more steeply than a~*, so that beyond a certain 
point where A and A’ are equal, the proper plane will very quickly approach the 
plane of the planet’s orbit around the Sun. lapetus is interesting because for it 
AK and A’ are nearly equal; H. Struve and TisseRAND (op. cit. p. LOO) find A’ A 

0-75. For Phoebe, at 3-6 times the distance of lapetus, one finds A’ A 0-00 
i.e. for our purposes the proper plane is identical with Saturn’s orbit. Probably the 
same is true for the outer seven Jupiter satellites and for Nereid 

The appropriate plane of reference for i as used in Fig. | is therefore in practice the 
planetary equator for close satellites and proper plane for intermediate and distant 


satellites. It is further clear that the proper plane is not necessarily stationary (01 


invariable) 1h) space Solar perturbations on an oblate planet Ol 1 close satellite 


system will cause a precession of the planetary equator on the orbit plane, with the 
result that the proper plane moves along at the same rate. The precession will keep 
the angles 7 and 2’ intact, however. 

For the Moon the inclination with the proper plane is about 5°, for lapetus 8 
Nereid’s inclination with the Neptune orbit is 6-5. The other inclinations may 
found in standard texts. 

The strong concentration toward small e and 7 values in Fig. | is noteworthy; i 
required the region near the origin to be plotted on a larger scale and even so thirteen 
objects were too close to the origin to be shown separately. For purposes of com 
parison the corresponding plot for the planets is given in Fig. 3: the inclinations 


refer to the invariable plane of the planetary system. The plot in Fig. 3 may be made 


more representative by taking into account the known secular changes in ¢ and 7 


If terms in the third and higher powers of ¢ and 7 are neglected, the “secular changes’ 
in e and 7? for a given planet are found from four sets of equations each containing 
eight periodic terms (one for each planet). A numerical analysis was published by 
STOCKWELL in 1870 and the results needed here are quoted in CHARLIER’S JWechanikh 


des Himmels. The computed ranges are shown as lines in Fig. 3, drawn from the 


resent positions. The use of modern values for the planetary masses would probably 
introduce slight changes in the amplitudes. 

Supplementary information is obtained from the Laplacian sums based on the 
same second-order theory 

yA .e," constant: %.A. tan? 7 constant. 

n which A, is the angular momentum of planet ) in its orbit around the Sun. Since 
the orbital momenta of the four Jovian planets far exceed those of the terrestrial 
planets, the Laplacian sums give information only on the behaviour of the Jovian 
planets. Specifically, the terrestrial planets contribute only 0-16 per cent of the total 
ital momentum, Jupiter and Saturn together 86-4 per cent, and Uranus and 
Neptune together 13-4 per cent. Fig. 3 shows that for the Jovian planets the eccentri 


es are larger than the inclinations (if expressed in comparable units) and also 


The fringe planets. Pluto and Mercury. are clearly exceptional. Actually, Pluto 
not be a real planet (see below) but Mercury is very puzzling, unless it should be 
dynamical effects. operating over the entire age of the solar svstem (which is 


a) yhbably well hevond the range ol validity Ot the second orde) theory ot seculat 


a Dations) have grad tally increased both ¢ and 7 See. however. Sec. 6.1. last 
he presence of Mercury in Fig. 3 is confusing to the ) oblem of classification of the 
satellites in Fig. 1. If one were permitted to ignore it. one would be inclined, perhaps, 
) \ he d ng rie ear 1 5 ind ¢ (10) \t anv rate the classification 
f three objects in Fig. | might be considered to be in doubt: Hyperion, the Moon 
] Lape Is 
The present orbit of Hyperion is a very inadequate basis for cl issification because 
f the large changes it undergoes due to the proximity of Titan. The object may 
provisionally be classed as an irregular satellite primarily because it is too close to 
in to have formed there as a regula satellite (see below Ol in empirical terms, 
because Hyperion does not follow the roughly geometric spacing In semi-majol 
ixes found elsewhere among pairs of satellites that are unmistakably regular. The 
dadyi :mical history of the “arth \loon system Is extreme \ complex due largely to the 


exceptionally large mass ratio Moon Earth and the resultin exceptional distribution 


7 Al ular momentun within the svstem. Ne ertheless on the basis of the probable 
nitial orbital characteristics, the Earth-Moon system must be called regular. In 


e considered with the other recul ir satellites because 


what follows the Moon will not | 


of its exceptional dynamical history. This history is briefly rev iewed in Sec. 6.2, 


( the origu of the surtace te itures 1s T uiched upo) In Sec 5 dD. lapetus with its 


high value of 7. 8°. is probably an irregular satellite. Some aspects of this classification 


ire discussed in Sec. 6.2 


On this basis we recognize the Moon. eighteen regular satellites, and twelve irregular 
satellites: of the latter. six have direct motion and six are retrograde. 
3. PROBLEMS OF PLANET- AND SATELLITE-FORMATION 


In the preceding section the central problem of the origin of the regular satellites was 
phrased as follows: why did only a few large satellites form and not innumerable 


small ones’? The answer is intimately connected with that to the corresponding 
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question for the system of planets. The planetary problem is in some respects simpler, 
because some uncertainties, affecting the satellite problem (cf. Sec. 4), are absent 
or unimportant in the planetary case. Nevertheless, there is reason to believe that the 
answer to the basic question is essentially the same in the two cases: the nebulae 


surrounding the rotating planets became in the course of time so flat and dense that 


they became gray itationally unstable and broke up into a number of discrete clouds 


(proto satellites) each of which produced asingle satellite. That this actually happened 
may be verified from the relation that then must exist between proto-satellite dimen 
sion (and hence, satellite separation) and mass, since the tidal field of the planet is 
given. From an exploratory analysis of the data this relation was found to be 
present. 

The above paragraph summarizes the writer’s work on this subject since his first 
paper in 1949; [3-10]. Particularly for the satellites, however, this work was in the 
nature of a first survey, and we shall examine the problem more closely here 

The process of segregation within a rotating nebula might first be described with 
elementary concepts. One may ask what iverage density must two small Gaseous 
spheres in contact have in order that their mutual attraction be equal to the p! wnetary 
tidal force tending to separate them’ This density is immediately connected with 
the well-known Rocue limit of stability and may therefore be called the Roch 
density. lf the average density of the two spheres exceeds the ROCHE density 
spheres will combine: if it is below the Rocue density, the spheres will separate. If 
condensation forms with a density well in excess of the Rocue density, then it wil 
extend its gray itational domain, or its “radius of action’, in sucha way that the meat 
densit\ over the domain again becomes the RocuHt density bevond this domain the 
tidal force will take Over. Therefore condens itions will STOW, combine. Or sepal ite 
until finally the entire nebula is divided radially into a series of spheres of action 


having, of course, different angular velocities around the central mass, but eacl 


having an average density equal to the local Rocnut density 

The consequences of the preceding conclusion are readily seen. Fora given distance 
from the planet, a, the mass of two equal, adjacent proto-satellites will be propo 
tional to the cube of their radial separation, a, \ und. since the Roche 
density falls off as a~? (as is readily verified), masses at different a values will be 


proportional to A\?/a?. Since the ROCHE density itself is proportional to the mass of 
the central body, the empirical test of whether tidal stability was indeed the con 
trolling factor will involve the relation between the mass ratio, satellite planet (or, 
for the planets, planet Sun), and the quantity \343, This is the test which the 
writer made in his first studies of the problem 3 and 4]. and which showed rathet 
convincingly that tidal stability criterlon Was responsible for the observed relation 
ships between satellite (o1 planet separations and masses. 

The analysis must now be made more precise The concept of RocHE density 
assumes that Aa is a first-order quantity, while in the planetary system it reaches a 
maximum of 0-7 near Jupiter-Saturn-Uranus. One must therefore generalize the 
stability criterion to include such values of Aa. This is done by using the dimensions 
of the Hitt surface of zero velocity passing through the Lagrangian point L,, defined 
by the potential field of a central body of mass 7, and a disk-shaped protoplanet (01 
satellite) of mass m. hay ing a uniform surface density and an appropriate thickness 
This thickness is determined from separate equilibrium studies based on the potential 


distribution at right angles of the plane of symmetry and a plausible value of the 


temperature (generalized to include the turbulence term). One then finds for the 
mean equatorial radius, R, of the Hii surface (Reference 4, hereafter called A. 
{strophysics), p. 394 

loo 0-3 log ae 0-18 Tre 

a M 

Kqu ition (1) is an interpol ition formula. representing the caleulations quite well for 
the interval 0-1—0-4 in Ra, the range of chief interest here. Equation (1) is actually a 
limiting case because the protoplanet Ol satellite m L\ he centrally condensed even 
at the early epoch at which the radius had its maximum value: and because this 
maximum radius may not have quite attained the radius R of the HILL surface. 
These effects will cause slight changes in the two constants appearing in equation (1). 
There will be a second limiting case at the other extreme valid for complete concen 
tration of mass toward the centre of m, given by equation (18), below. We shall 
oceed with equation 1) but have occasion below to point to possible correc 
ms When discussing the planet Mars. The effect on equation (1) of the uncertainty 
n the thie CNESS OI the protopl inet (ol satellite is rather small. the dependence being 
| \ lo rarithmic Fo. this reason and because explo! TOT computations have shown 
the relative thickness of the protosatellites to have been similar to that of the 
protoplanets (4., p. 384) we shall use equation (1) also for the satellite problem. 


ction just touched in 


R gq A es 


( WI be sony hat less than 0:5 1) the first place. the HI surtace is 
elongated radially while in equation (1) the average equatorial radius was used. 
Second protoplanets may well be able to sweep out a lane somewhat wider than the 
Hitusurface. Third, when the density of the nebula approaches the limit below which 
no protoplanets can form (4., p. 396), a new effect is expected i wide ring will be 


required for the operation of gravitational instability but only a small protoplanet 
will result. In this case g 0-5 

The formation of the actual satellite svstems is discussed in Sec. 5 and it will 
ippeal that the nebula density limit and the factor g are lmMport unt. It will therefore 
be instructive to review here the corresponding problems for the solar nebula. The 
discussion in “4A” can now be put on a much improved foundation because of three 
recent investigations. 

Lepovx {11} has studied gravitational instability in a flattened isothermal nebula, 
instead of a medium of indefinite extent, and found that the JEANs-criterion is un 
changed provided the density p appearing in it, is taken as one-half the density pp 
of the plane of symmetry. CHANDRASEKHAR| 12] has examined the effect of turbulence 
ind found that JeANs-criterion must be modified by adding a turbulence term, 
u*, to the thermal term }yc?, if uw is the turbulence velocity. The effect of rotation is 
investigated by CHANDRASEKHAR elsewhere in this volume |13]|:; he finds that the 
JEANS-criterion is not changed except precisely In the plane of symmetry, which is not 
expected to alter the physical consequences. 

Dr. CHANDRASEKHAR has pointed out to the writer that the JEANS-criterion, as 
applied to non-rotating media, is strictly valid only for a region small compared 


with the total extent of the medium in which the region is embedded. LEDOUxX’s 
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investigation has shown that for a non rotating flattened nebula the criterion still 
applies for dimensions comparable to the nebular dimensions if the variation in the 
properties of the medium are taken into account. CHANDRASEKHAR’S— .,estigation 
refers to a local region in a rotating medium; but by analogy with Le. 9vx’s work 
it may be inferred that the JEANS-criterion would still approximately apply for a 
region nearly comparable in extent with the medium itself, at least in certain 
directions with respect to the rotational motion. 

Dr. CHANDRASEKHAR further points out that the time required for gravitational 
instability to run its course at right angles to the plane of symmetry is of the order 
of the revolution of the nebula around the Sun. The time becomes longer for smaller 
angles with the plane of symmetry and tends to infinity in the plane itself if 
ao 7Gp |. However, at small angles the times will still be short compared to the 
available interval of 107 years. 

LEDOUX’S work introduces a correction factor of V 2 in the critical wavelength 
separating stable from unstable density fluctuations. The turbulence term intro 
duced by CHANDRASEKHAR will have the following effect: in a rotating nebula 
lateral mixing will cause uw to vary as a - hence the term will simulate a fictitious 
temperature varying as a7! (cf. A., p. 408). 

[In the writer's first studies of this problem 1} he assumed that the Sun had already 
ittained its present radius and luminosity at the epoch when the solar nebular broke 
up; accordingly, the temperature formula 7’ — 300° K/a was adopted, in which a 
is the distance from the Sun in astronomical units. The a~! dependence was selected 
for three reasons: to represent approximately the effects of absorption of solar 
radiation; to represent a fictitious temperature caused by turbulence; and because 
it led to a model of the solar nebula having simple homology properties. Later [9], 
when it became clear that the development of the solar nebula and the planets were 
indeed consequences of the different stages of solar contraction, the temperature of 
the solar nebula at the time of break-up became uncertain. The most natural 
assumption now is that the solar nebula cooled by radiation to space till it got so 
fat and dense that it became gravitationally unstable locally. The maximum 
available time, prior to solar radiation becoming important, was of the order of 10° 
years. The nebular temperature may therefore (cf. A., p. 387) have dropped to 
10-50 K, depending on a (owing to the fourth-power law of radiation, the cooling 
becomes excessively slow at low temperatures ; the radiation is expected to have come 
primarily from the condensation products, since nearly all of the gaseous molecules 
would have been unable to radiate). This temperature is so low that there is now a 
greater likelihood that the turbulence term dominated, both in the JEANs-criterion 
and in the “barometric” formula defining the thickness of the nebula in the z co 
ordinate. We shall therefore retain the a~! dependence in the temperature formula 
and write 

ial T 300° Ka, cee wee 


in which 7” is a fictitious or equivalent temperature, measuring either the true 
temperature or the turbulence term, whichever is dominant. The factor 7 is as yet 
unknown but some predictions can be made concerning it. If 7 ~ 1, this would 
mean that near the Earth the turbulence term completely dominated (since 7’ could 


not be ~ 300°K for more than a few thousand years). Then equation (3) might apply 


as far as Neptune (a 30), with one value of r. If, on the other hand, one should 


find r ~ 0-1 near the Earth, then the thermal term must 
solar nebula. since 7’ ~ 1K at 30 astronomical units is 
increase with increasing «a It will appeal that a semi 
may he made 

The combination of the temperature and turbulence tet 
either as 1c? u*, as required in the computation of the “‘t 
or as 4yc* Viger required in the criterion of gravitation 
combination will be chosen. Then a small error will result 


3) in the computation of the “thickness” of the nebula 


dominate in most of the 


excluded. Then + must 


mpirical estimate of 7 


ms in (3) may be made 
hickness’’ of the nebula: 
ul stability. The second 
from the use of equation 


but since the turbulence 


may not be isotropic, the comput ition Is approxim ite 1n nv Case 
With the Lepoux correction and the temperature equation (3) we now have 
/ 0 
0-07 | - } ) 
vhich p, 1s the density in the plane of svymmet { the | HE densit both at 
the distance a from the Sun and / is the waveleneth of density luctuations that will 
by mplified by gravitational instability (ef. A.. equ 16 n explanation of 
equation (4) it may be said that although the JraAN> ) ontains ot 
equation $) Is nonetheless \ ilid because it CX DTesst / } while ft remaimnimg 
factor of a irises from the temperature dependence ( Ns-criterion and 
from equation (3 
Equation $) Shows that is the nebula densit. / | 1! ine 
if gravitational instability is to become operative we nh uppel 
limit to Aa also, though this limit is not we know! ( nd Tri 
Haar!14!]showed that the KOLMOGOROFF spectrum of ( s compatible with 
the differential rotational motion of the solar neb Ws ( early 
KEPLER'S third law. This resul ows the uppet f 7 ve of the order of 
unity, but it does not preclude distinctly sm e] a { he mstant 
K,. the smailest wave nun ber occurring. being a ! ! oration \nothet 
consideration suggests that density fluctuations « hulet t extend 
beyond one scale height in the solar nebula nd since the neb densit\ iTIes 
roughly as a~? this means that the fluctuations will not ¢ d more than a factor 
( or 1-4 ina. This criterion would imply 7 0-7. Hf dopted the 
lowest density oy capable of producing 1) nets Is g C] 
2 : ~ () 10> 5 
This theoretical limit may be compare 1 with senil-¢ mit derived from the 
actual presence O1 absence of planets at certain distances fT ne Sul he problem 
would he straightforw rd iif we could issume that the 1) ets had wept up ill 
matter from the solar nebula within their own ring (w SUCCESSIVE ngs in con 


tact). We shall make this assumption for the Eart] nd Jupiter but kee ) thie 
discussion general by introducing a sweeping factor f giving the fraction of the mass 
that was acquired by the protoplanet at 1tS Maximu dimension 

Let o be the surface density of nebular matter projected o1 ie plane of svmmetry 


Then the mass of the protopl inet 1s 


M Poa Aft 


a 


Using equation (1) we have 
2qM 
7" f 
7) determines the initial mass distribution in the solar nebula from the 
and f | 


which led to Fic. 8.10, A. ). 395). Now gq may be computed if M pp is known from 


Equation | 


observed values of Ava, if g and f may be estimated (in A, g was put 


composition data, as for the Earth; or from dynamical data, as for Jupiter (ef 
RABE'S study, referred to in Sec. 8). Then equation (1) will give R/a and equation 
(2) will give g, since A is known. 

For the Earth the writer found M pp 620M, on the assumption that no iron 
was lost from the protoplanet : if some was lost M pp would have been large 
(Ref. 8, p. 330). Recently it has become clear, however, that the cosmic abundance 


of helium is less than appeared probable two years ago with the improve | helium 


abundance we find W,,,, tO... The minimum value of m M in equation (1) is 
then 1/700, so that Ria 0-093. Further. if the ratio a pa between the radu of 
consecutive orbits is called B (BopbeE facto we have B (for Mars, Earth 


B (for Earth, Venus) 1-38. From the mean value. 1-45, we find 
Ala 0-45/V/ 1-45 .$ YJ 0-09! 37 25 (for Ea 


For Jupiter RABE’s estimate (Sec will \ ym. it one finds 
Further, 6 (for Uranus, Saturn ? 6B (for Saturn, Jupiter I-S: 
Jupiter, Mars (1-85)?, With 2B S4 we have A/a = 0-84/\ 
q (-223/0-62 0-36 (for Jupiter 

With these estimates of g one could compute from equation 
bution in the solar nebula this. however, would be merely e 
out the values of J/,, already found over their respective z 
context it IS more interesting to use the g lues to obtain 
equation (3 

Let a standard surface density, o, » defined such that for a fixed but 
value of 7 the space density in the pl ine of symmetry Is p For such 
nebula p falls off as a~3 and 7” as a~!, while the equivalent thickness increa 


and the surface density Op decreases as a Numerically we have (cf. 4 


The surface density of the nebula 


in terms of this standard 


This quantity is closely related to the qu intityv ¢ plottes 


(4., p. 395): C, is given by 


Therefore. equation (9) becomes 


‘figure referred to it is estimated that at a 


compatible with the production ot planet 
| 


IS 


istronomical unit the iowet 


( 100 in which ¢ is 


We now compare this semi empirical result with the theoretical 


condition (5), noting that (py p,.)!2 —S for any fixed but arbitrary value of 7 
because the thickness of the nebula varies as Po ” Identifving the two limits we 
obtain generally 
| ra (Gg)? .(12 
If we may put | for both the Earth and Jupiter (which assumes that these 
protoplanets acquired essentially all the mass present in their rings), we find from 
the g values derived before 
near the Earth - 0-10—0-15 or 7’ 0) t5°K 
near Jupiter: 7 or 7 20 30° K 

ix ! Ne ptune g is not known but two possibl values. 0-3 and 0-4 might he used to get 
SO] estin e of 7” at that distance The Plo rT referred to suggests 0-2 as the 
lower limit near Neptune. The values of g stated wi hen give 7 3-6 and 
9-5). respec ely 

The temperatures found near the Earth and Jupiter are in the nature of lowe 
limits because th ilues used for V/ were lower Il It is unlikely, however, + 
th he actua ues were appreciably larg For the Earth small upward V 
orrection may be required because f may have been somewhat less than unity. It is 1 
Ol ided that the eq el temperature of the SOlal bul I’. was of the same 
ordel T magnitude 4s the rue ten pel lire T’ expr ed trom the slow vertical 
contraction and cooling of the nebula over a period of 10°-107 years. Hence, no 
strong effects of turbulence are indicated 

The conc sion just reached ¢ id probably e bee nticipated the retically 
strictly circular motion under a central force 1s stable nelement displace 1) idially 
in a nebula having everywhere else strictly circu motions will not be in equilibrium 
but driven back to its circle as a result of the conserva of angular momentum. <A 
nebula in which the elements have elliptical motions w suffer dissipation of energy 
by frictional forces he total angular momentum is 

CLlumv a(} e- econstan 

The energy is decreasing by frictional dissipation, and the virial theorem will con 
stantly tend to re-establish the propel ratio between the kinetic and the pote ntial 
energy, the latter being C,ma. This means that the absolute amount of “ma 
must increase with time, or that the @ values must decrease wherever dissipation 
takes place. The conservation of angular momentum then shows that ¢ must 
decrease to zero It follows that the motions in an initially irregular solar nebula 
must become more and more circular with time the same Is true for the protoplanet 
envelopes later producing satellites. This explains in general way the nearly 
ercular orbits of the planets and satellites and, by analogy, the near-coincidence 
of the orbital planes within each system. The present ecce ntricities of the Jupiter 
and Saturn orbits. in connection with the discussion in Section suggest that the 
solar nebula had not reached the final state of circular motion when it broke up 
gravit tionally the implications of this conclusion deserve further investigation. 


Nevertheless, the coefficient in equation 5D) mav | 


lave been somewhat larger than 
0-1, the upper limit of Aa having been less than 0:7. This will, in turn, reduce the 
‘empirical value of 7 by the same factor. The conclusion that the solar nebula was 
excee lingly & rid at the time of break up seems inescapable 


Mars, with its small mass, gives information on both f and g for what appears to be 


a protoplanet only slightly in excess of the lower limit possible. This proves to be of 


creat interest in the discussion of the Saturn system of satellites in Sec ».2 and 


5.4. below. There can be no serious doubt that \| is did originate from 1 prot | 


mianet 
I 


The alternative, its origin as a condensation in a gravitationally stable nebula. the 


process held responsible fol the origin ot the steroid ring Ld. would very prob LDIN 


have produced an asteroidal body, at least one order of magnitude smaller in diametet 


while the absence of many simil ul such bodies neal \l L's would pose a OTave cliftic lt y 
Furthermore, the presence of two small re cular satellites shows that at least a small 
protoplanet envelope was initially present 

The present mass of Mars is 1 3,110,000.) However, unlike Mercury, its densit 


gives no indication of large mass losses by fractionation. We are led 


to assume 


therefore, that the protoplanet mass was not much in excess of 400 times the planet 


mass, or O-OOOL3.U. If we adopt the Boner factor of 1-6 (uncertain), g may be com 

puted as was done for the Earth and Jupiter; the result is g¢ 0-10, the equali 

sign referring to the mass ratio of 400 just mentioned. It is noted that this deter 
TOL. 2 mination is independent of f and, while uncertain, is probably correct as to ord 
1956 magnitude 


The three empirical estimates of g point toa dependence On Ww M 


Now g was computed from ind (2). o1 


and the numerical values may be interpreted as follows. For a given 7 there will be a 
limiting value of the surface density S, called S’, below which the solar nebula will 
be gravitationally stable. For values well above S’, g will have approached its uppet 
limit, say, 0-35 or 0-4. Then mM will increase as SA a, and Aa as (m M Ol 
mM~S , Ala~sS and m WM ~ \a (‘lose to the limit S’, howeve1 
these relations must break down. When S decreases toward S’, A’a can no longet 
decrease with S because, as we have remarked, for decreasing S a zone of increasing 
width will be required for the operation of gravitational instability. Probably there 
is a range of S values for which Aa is nearly constant and where m J! decreases 
roughly as g 


The relation between Mi M and A a tol the three planets for which ym M Was 


derived, as well as the theoretical relation fo larger masses, are shown In Kio. 4 


.(14) 


of the solar nebula is (cf. equation 6) 


1 I LIMES, only for log m M 


waar this is consistent with the very 
ly Tf }} / / thane SCN the observed 


llv. if masses smaller than 10-3. ~ are 
ts they must have collected only a 
ne rin lefined by Aa 11) which case 


\Iars ; 16) 


Was act vy somewhat larger than the 


tio} The discrepane, with the expected 


Mars was not a uniform disk but strongly 
ay rep! iced by equation 
» of g would have been only 0-60 times 
16) contains m M linearly and equations 


mall increase in m WM will remove the 


iven as to the 
ts suddenly at 2:15 astr. units. 


ween I-SS and 1-98 astr. units, and 


uite possibh oravit itional instability 


had had time to form and concentrate 


centration taking place parallel to the 


1! ibility ettects is have apparently operat “| in 


aturn (see below). On this basis Mars 


nebula of sub-marginal density. 


il nebula is 8) 


eparatory to a review of the more 


ynplexities are examined in the next 


Ix 


tf, ON SATELLITE-FORMATION AND EVOLUTION 


The planets developed from proto planets which appear to have been of very nearly 
solar (or Cosmic) composition and which thus exceeded the p! unets greatly In Mass 
The very large mass losses took place during and after the period of satellite forma 
tion, and they had important dynamical and physical consequences for the satellite 
systems. The derivation of mM from composition data needed in equation 1), as 
well as the magnitude of A needed in equation (2), are affected. Yet both quantities 
are required for a test of the tidal-stability criterion. 

The dynamical consequences of the mass losses are readily derived. Let a planet 
ot decreasing mass have a satellite at the distance a. Since the force acting on the 
satellite remains ‘central’, the law of areas will remain valid so that za?) P remains 
constant, P? being the period of revolution. KeEPLER’s third law applies at any time 
a?/ P? (’. M,in which WW is the instantaneous mass of the pl inet plus the satellite 
which will usually be negligible by comparison Klimination of P gives aM con 
stant. Thus, if J/ decreases by the factor D (which may be large), a will increase by 
the same factor. The present satellite distances may therefore be considerably 
larger than the initial ones, and in a given system the seale factor may be larger fo 
the outer (and presumably older) satellites than for the inner ones. Thus the systems 
may have “widened” by differential increases in @, as well as been “scaled up” by 
a common tactor. 


+ 


These complications are not entire ly ibsent from the planetary system, but 

ire likely to be rather Inconsequential. The sol corona IS eVaporating ft ) Space und 
bursts of fast corpuscular radiation are nitted; but the rates are so low 

the Sun during its lifetime will not have lost more than a few per cent of its mass 
\cceretion would have the Opposite ‘ffect Mit IS probably even less import int 
Therefore all a values of the planets mat ay reg irded_ as hay Ing been sealed up by 1 
factor very slightly in excess of unity. Further, some slight differential effects will 
exist. owing to the fact that IC EPI ERS third law contains the sawn of the masses 
Sun and plane t, so that the decrease of the protoplanet mass has caused a slight 
increase in @ of that planet. This will have increased a (Jupiter) and a (Saturn) by 


2—3 per cent and the other a@ values by | per cent or less. 


The effects of large mass losses by the protoplanets on the composition of the 


proto satellites m L\ be prot und. The mass losses have almost certainly occurred 
by evaporation, as a result of solar heating of - exospheres (Refs. [6], p. 387 
JOU, ovzZ; 1S and|9]|). This means that the mass losses were selective in composition, 
H, and He being lost first and always preferentially. The effects of this process may 
best be seen from a table of cosmic abundances, such as Table 2. For reasons of 
emphasis this table has been restricted to the elements more abundant than | part 
in 10° of H. It was taken from a larger table compiled by the writer two years ago 

S|. Table 3). with the He and A abundances corrected so as to correspond to the 
recent determinations. 

Let us first assume that the planets and satellites all formed from clouds of cosmic 
composition. Then, if only metallic iron (with 7 per cent weight added for Ni) were 
retained, the parent mass must have been 1300 times more massive than the con 
densation. If in addition all the silicates were retained, we have to add the Mg and 


Si values, plus one-fourth* of the amount of O, as well as smaller amounts of Ca, Al, 


1 Kk. addi up to 20 units in the last column of Table 2. The mass ratio then 
s about 280. If also all the water was retained as ice, the remaining O and 
rresponding mount ol H must be added and the mass ratio becomes about 


Ne 


He nd 


Ne 


If one fin lly added all NH , aS 1Ce, the ratio would become 90. Only if actual 


ses (H, 


were retained besides, could one diminish the ratio still 


That case applies to Jupiter and Saturn, and to a slight extent to Uranus 
ptune, but not to any of the terrestrial planets or the satellites. As we have 
he Kan ne } »is about 480 roughly half the silicates appear to have 
st ({8], p. 330). For Mercury, which by its density appears to be composed 
wo-thirds 1ro1 he ratio is probably around LOOO 
ss determined from the composition are likely to he minimum values. 
s the disappearance of large quantities of silicates from the terrestrial 
es not 4 \ inderst | ye must be prepared to tind that at least for these | 
e] nie Ss wel not tullyv ret Lined The protopl inets were sufficiently 
tol elr cores be molten on any reasol ble density distribution of the 
ia elope (a Itatlonal separation Wo iid have caused the metallic iron 
l ne } en sili \n increase 1n ie surtace tempel iture of the 
S ( dditional sedimentation or conti tion ot the envelope, 
f ( 1 ( ay } i the silt eno rete! {the metallic iron. The 
sis SiO. SiO,. MgO. and other « les. These, if convected 
he envyve 1) ( 1d 1 O n be es ( ( 1) would be expected to 
= 
f nve e outer parts he p planet. could be driven 7 
rplane spac ff the solar system by solar radiation pressure. 1 
} DOSSLD Ss] nis eXISTS s Dn. 00 there remains doubt as 
te eness ( ¢ large quantities ft e planets. Larger quantities 
een re ( S es f oxide grains | ing been swept up by outel 
S () 4 ( 4 
. . S4 
if s are much less ssive than the terrestrial planets and one expects 
lower temperatures during the sedimentation stage and no important frac 
mn of the cores. On this basis alone one would expect the mass ratio, proto 
to satellite, to be roughly 300, with the ratio dropping to 200 or even some 
less if large quantities of ices were retained. For the inner three Saturn satel 
es we have empirical evidence that such ices (or snows) are abundant. both from 


Ix 


the densities of these bodies, 0:5—1-2 ({8], Table 1), and the presence of H {) snow on 
the Rings of Saturn ({8|, p. 365). Even the two outer Galilean satellites of Jupiter 
(Ill and LV) probably contain at least H,O ice: I and II are so dense that they 
probably contain an excess of metallic iron, as the Earth does. besides silicates 
({8|, Tables 5 and 1). For I and II the mass ratio, initial to present, might therefore 
he 300-400. 

The above results were computed on the assumption that the proto-satellites were 
of cosmic composition. As has been stated, the light gases, H, and He, will escape 
preferentially. Further, H,O, NH,, and CH, will dissociate photoche nik ully in 
layers just below the exosphere with some lack of reversibility and H escay 
Nevertheless, the change of composition of the deep interior will be a slow } 
owing to the slowness of diffusion. Molecular diffusion would be quite ineffer tive 
even in 10° years because of the large clime NSIONS Of the protopl nets The cliff IsIon 
must instead be controlled by eddies, and little is known at present on which to bas 
a theoretical estimate of the effectiveness of this process. Empirically one Can say 


i 


that the high mean densities of Uranus and Neptune, as compared to the 


massive Jupiter and Saturn, show that the relative abundances in these pla 


change This could have been caused, however, by the collection of sedimen 
well as by depletion of light gases. Similarly, the protosatellites could 
enriched in heavy elements by the depletion of H, and He, or even by the 

of sediments formed farther out in the protoplanet; or, the mass from whi 
protosatellite formed might itself have been pa thy deplete | of silicates ani 

as a result of sedimentation at the staat when the lanetary envelope was still i 


tationally St ible. It would seem. theretore. that no general conclusion can be reached 
as to whether the protosatellites cont ined less or more than their share of condensable 


materials 


5. THE SYSTEMS O ULAR SATELLITES 


After the preparation of Sec. 3 and Sec. 4 we mu ee ey ae 
satellite formation; in particular, whether the regular satellites were for 
protosatellites. The test involves the ippli ibility of equations (1 und (2 
subsequent discussion. Since for most of protosatellites m/M appears to be less 
than 10-3 the quantity g will not be constant and its use offers no advantages 
Instead, the discussion and the comparison with the pl unets are most readily mace 
ina presentation as Fig. 4. 


The derivation of the original values of A a is not complicated by mass losses by 


the planet, since both A and a are increased by D). On the other hand, differential 


effects, operating more on the outer satellites than on the inner ones, will ch inge 
Ala. Two complications affect the derivation of the original value of m MW the 
assumption that the mass m was of cosmic composition may not be true, but as we 
have seen the error may be in either direction; while .W is in fact the planetary mass 
at the time of satellite formation, and thus equals DV, 


5.1. The Jupite r System Among the satellites the Galilean System of Jupiter is the 
best suited to test the concepts of Sec. 3 because the average of four similar bodies 
may be used—which should be representative. Also, the average Bode factor is less 
likely to have changed secularly by the presence of commensurabilities in the mean 
motions than might be true for a single pair. 


Titan to Min 


ag 


\a 0-506, The average 
ve density. 3-1. suggests a 


WOTOS itellite s were of cosmic 


formation was J2.,. The 
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s basis it is unlikely that 
iss / Was idded to 
DeCALISE if it were outside 


is assumption is Inadmis 


n 55 km per sec \ large! 
LINt his implies that Jupiter 
on would have required an 
16.0007 fol H, which are 


no more than very slightly 


issive satellites inside the 


possibli deviation of COSINIC 
kely that the mean Aa is 
Lhe subsequent Nass losses 


have vused i | per cent 


the planetary mass-distance 


eatel riety than that of 


The Bobe factors of the six 


-23, and 1-28. Titan is 


much more massive than the others, the s to Titan being, in the s 
60, 130, 220, 1600, and 3700 Titan's position with re spect to the other 
resembles that of Jupiter with respect to the terrestrial planets. The n 
suggest treating Rhea Dione and Tethys is one sub-group and Enee 
Mimas as another. The mean value of B for the Dione group is 1-34, 
Mimas group there is only one value, 1-28 his last ilue innot be very 
tive, since the dynamical effects of commensurabilities m ivy have modified 
what: but the initial value would not be expected ti » less than 1-23. the 
the adjacent pair. The corresponding Va Liu ul ‘29 for the Dion 
O25 (o1 0-21) for the Mimas group 


The average mass of the Dione GrOUp | : . and of the Min 


ih. 30F¢ U . The ave we densit\ of the Dione PVOUDP IS ibout 2-0 and of 
group 0-6 Kor initially cosmic Composition the Mass ratio protosatellite sate 
thus estimated to be about 200 tor the Dio roup ind LOO for \| 


cf. See. 4). This gives 


Dione g | Mvy4 D 


\limas CrOUD WOOL DP 


Next one must estimate J). Mimas is at present 3-1 planetary 1 vd 
centre of the planet while the RocHe limit for its density 1s 2°40(0°-71/0°5 
Therefore, at least for the Mimas group D) =~ |. Considerations similar 
above | Jupiter lead one to conclude thst +] the Dior 
Mimas group 

It is seen from Fig. 4 that the position of the Dione group is not very different 


that of the terrestrial planets; but the Mimas group poses a new problen 


5.3. The Uranus and the Mars Systems The Uranus svstem (ef. Table |] 
subdivided into the massive Titania-Oberon pair, the intermediate Arie 
pair, and Mi inda. Throughout these studies we attempt to avoid USING 
very unequal objects, since this could cause additional complications | 4 
Titania pair, B I-34 and Aa (29 he Ariel pair B 1-39 and Aa 
The masses of the satellites have been estimated by iD H ARRIS (¢I 
In view of the very low temperatures expected near Uranus it is probable that the 
satellites ret uined the water and ammonia 1ces SO that the tactor of 100 will be 


applied to estimate m (ct. Sec. 4 


m M (Titania pall O-OO4 D 


m M (Ariel pal O-OOL D. 


Since we are again dealing with a satellite svstem close to the planet it IS probable 
that D =~ 1. 

If, alternatively, one should take the view that secular changes in A 
be feared than the inequality of the masses, one would group all foun 
sether and take the average Bopk factor, B l-45 to compute A/a 
mean of m MW would then be 0-0025 D). Both values are quite close to the Ea 
(SU in Fig. 4.) 


Mars is attended by two tiny regular satellites. They are so small that one might 


be the small 


tempted to call them planetesimals if it were not for the fact that 


+ 


inclinations to the planetary equator and the small orbital eccentricities make these 


present BODE 


indistinguishable from larger satellites. The 
16], 


objects dynamically 
2-51, but this value has little meaning, since there is reason to expect 
Phobos, with a period 


Is 
so empirical evidence [17 that this ratio is changing. 


is approaching the planet, while Deimos, with a period of 305 18™, is 


il 

ju 
probably very slowly receding, the period of planetary rotation being intermediate, 
249 37! \ccording to SHARPLESS'S value for the acceleration Phobos increases its 
angular velocity by 1 per cent in 2-2 million years (or decreases a by 3 per cent). 


ror of this result is 10 per cent, good enough to justify extrapolation 


The prob ible e! 


DAaACK 


Wea » that the deceler iting couple on Phobos varies ; 


wngular motion of the 


ilar motion of the satellite and 


From this law the variation of a with time follows 


ippreciably 


‘rmined from 


ictions cancel. Step 


i\obos Was about | 4! 
| ; | —|} 
larsystem, about 17 


the change by comparison we may 


compiete 


If a factor of 300 is 


This value has been 


[t is noted, incidentally, that the future evolution of Phobos will be very rapid. 
The satellite will strike the planet between 35 and 40 million years from now. It is 


C » should be observing an object that has spent over 99 per cent of its 


life , ‘ause for alarm, philosophically speaking, because there are 


many objects. 
More pertinent is the question how Phobos could have started out with a period 


e rotational period ot Mars: because it is this fact that caused the unusual 


less than th 
the more ceneral proble wi o} 


volution. The problem appears to be a special case of 


. 
In a gaseous protoplanet there 


sedimentation, which may be summarized as follows. 
must be a radial densit\ oradient the pressure being zero at the periphery and high 


at the centre. This gradient supports the protoplanet in part, the other part being 


< 
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due to the centrifugal force of rotation. Condensation products will not be noticeably 


affected by the pressure gradient and will therefore not be in dynamical equilibriun 
at the place of formation. They will sink toward the centre, seeking to reach an orbit 
appropriate for their angular momentum which is less than corresponds to fre 
circular motion at their place of formation. In doing so, however, they will gain in 


angular velocity over the gaseous surroundings (which everywhere rotate more 
slowly than corresponds to free KEPLER motion as a result. they experience 

“wind” which will reduce their angular velocity. and hence their angular momentum 
around the centre of the protoplanet. This process will not cease until the condensate 


] 


reaches the centre; unless, of course, the gaseous envelope itself should dissipat 


beforehand. Now the time scale of sedimentation will be shorter for small particles 


than for large particles, because the friction depends on a power of the radius which is 
less than 3 (extremely small grains are not considered here; they, again, settle mor 
slowly). Therefore, for bodies, say, | or 10 km in size, the inward motion will be 
slow and will be arrested if the envelope dissipates before the journey is completed 
Small satellites may therefore be found now at in distance from the planet Wit! 
periods merely corresponding to these distances. To emph isize the point one might 
say that a// small satellites initially had periods less than the p! inet (measured at the 
distance of the satellite 

\ full evaluation of Fig. 4 would require more knowledge about tl 


ie temperatures 
of the protoplanet envelopes than we now POSSess. We shall limit ourselves her 
with the remark based on a previous explo ition |4] that the degrees of flattening 
ot the protoplanet envelopes were probably roughly comparable to the f] ittening of 
the solar nebula. If this is so we conclude from Fig. 4 that the more massive satellites 
oive every indication of having been formed from protosatellites But Mimas and 
Enceladus of Saturn and the two satellites of Mars appear to be altogether outside the 
range of protosatellites. Jupiter V, by its very small mass, is apparently in the same 
class. These objects are all very close satellites and we are thus led to examine the 


close satellites as a group. 


4. The Closest Natellites These objects LIé listed in Table ae The second colum}! 
gives the geometric-mean distance to the parent planet, expressed in planetary radii 
Since the planets have different mean densities, one may reduce all distances to 


s done in the 


hypothetical parent planets having the same density, e.g. 1. This 
third column of Table 3. The last column gives the present mass ratio, W./.V, 


Kor some of the small satellites the values are based on photometric data. 


T'a i 3 
Vl. 
; aan, 

? of Mars }-4 Z°S S-4 
a Ipitel \ 2°3D 2°3 8-°7D 
$f Galilean 12-2 l1-] 1-3 
2 of Mimas group 3) 3°9 7-0 
3 of Dione group { 7:3 ia | 
Titan POO 23°0 3:6 
Miranda 55 {+7 6-0 
2 of Ariel group Ye 8-2 5-0 
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2 of Titania group 21's IS-4 $-4 


tf Saturn 


The density In thi 


he condensation produ 


The empiri dat { ible 3 are plotted 1 jo ) Solid circles refer to satellites 
\ se) Sses | e been measured Open cireies to those whose masses have heen 
‘ } ed wit! the ud of photometric data Phe closeness Of the mass-distance 
( n is surprising nd it seems possible that the two principal deviations may 

en be explained. Miranda was assumed to have the same albedo as Titania and 
( Dye l Ser ryie | whereas he large systematic change ol ilbedo with distance 
’ he .Jnnite nd S mn systems (e.g Ref S may well have a counterpart In 

e | nus syste! Doubling the albedo of Miranda (cf. Table 1) will put it just on 

‘ ‘ ke e) lita ,Al d Obe )] have ismall Bop tactor. 1-34. as against the 

Q 65 4 he Galilean satellites of Jupiter. A ng to equations (1) and (2) 
his i corres] 1 to iecrease In protos e) ss by the factor 6. The cross 
e 
: + 
ai ° 
ao 

| n Fig. 5 shows the p B — 1-65; the agree 
( ] ( ~ ( ! I; ! eC] l S How ery 

eal : \ e discussio1 ) g Fig. 4 
gs 4 ) r ( ! easing eS f Kio » I) 2-(yor 2°) 
S S ( e sate SSCS yD sate Sf Phe six closest satellites 
2 Mars. Jupiter V, 2S nd Mirand re cle side the range of normal 
1! sate eS ( here 1s break betwee}! al \ O ps of satellites Qn the 
ew el Set s e presel j } {eff epending on the distance 
e plane nd com? a isten he effect is enormous, the factor on 

sses being 10? between 2:5 and 10 standard plane radi (; 

In seeking an expla n of the proximity effec ne might proceed as follows 
[magine a protosatellite at 3 standard plane rad be stable only if the 
mean dens sabove O-5—O-) rather in possible condition in the gaseous en elope 
ot plane whose own mean dens eXCIUSITV( tT the « elope Is UNITY. Large 
gaseous protosatellites can therefore form only at some distance from the planet, say, 

LOR,. where p ~ 10-7 will ensure stability 

What. then. will happen at ~ 1OR The case will be analogous to that of a 
solar nebula having insufficient density for @ t ona instability to operate |4 
(‘o lens tio} will still nroceed hut Will somew! t resemble that Occurring in in) 
itmospheric cloud, where there is no significant attraction between the condensation 
products and wher the products are free to leave the cloud 


The result will be that 
‘ts will collect ina large flat ring, 


will in many instances 


rise locally above the Rov HE density, wid ice certall conditions oravitationa 
effects can possibly break up the ring before the Rocusé density is reached. The com 
bination of the sediments is facilitated by the presence of the gas. since this will 
transfer momentum to a flake that has moved out of its initial circular orbit by th 
ittraction of a local centre. Thus sna pula satellites developed in this one 
collected in the solid state, rather than large itellites condensed in stable. gaseous 
protosatellites. 

Fig. 5 shows how comparatively little solid material was collected. Since the Bop 
factor does not change greatly vlong the curve he ordinate would have been roug! 
constant if the quantity S, as defined in See > had been constant Vet such 
constancy ata level comparable to that di ed by the Jupiter satellite A | } ‘ 
been required for the production of protosatellites at all distances. This obse1 
reinforces the conclusion made above that it was lack of building material in the 
ner zone compared to a surtace det | Ving as a that caused the 
satellites near the planets Instead, the ite ( density near the planets appr 
have been more nearly constant, independ fa. though this must be combined 
a suitable temperature distribution to KD n the run of Fig. 5 more clos 

There are therefore tivo fi pes of tf mall satellites grown b eret 
gravitationally stable envelopes nad lara tellites. grown singly in protosate 
which is turn developed from dense, gravitat unstable envelope 9.5 
that there is no break between the tw CLTOUD nis 1 be due te ie f ‘ 
iccretion has developed ' body or 10-100 | diameter. it will usually he so 1 
ibove the local Ro HI densit tha B ¢ et ! FASCOUS ¢ elope of 
which will increase the capture cross section 1 Leeretion and which in time n 
GVOW SO lara is to simulate a protosat t¢ nis will happen more read 
moderate distances from. the planet thal ( CLOSE where the solid mass Its 
barely exceeds the Rocue density. Therefore, in a nebula of constant density wit 
the satellites near the pl wnet would be sn 

\ further effect in the same direction w have been caused by the sediment 
toward the planet. Very probably the condensate will have settled most rapa I 
the innermost zone ot the planetary | ( poe vhere the imbalance betwee! the 
force of attraction by the planet and the centrifugal force due to the constrained 
circular motion in the envelope was greatest. The space density of the condensate 
averaged over the period of accretion may thus have been much below the valu 
computed from the nebulat density particularly Tol the innermost zones 

The Rings of Saturn have not been entered in Fig. 5 because they did not form a 
single satellite and because their total mass is unknown. H.STRUVE’S uppel limit to 
the mass of the Rings is 1 27,000 of Saturn’s mass, or log M, M, 1-4. The 


abscissa in Fig. 5 corresponding to the centre of Ring B, the brightest ring, is 0:30 
In view of the closeness of the relation shown in Fig. 5 it does not seem inappropriate 
to extrapolate the relation to the abscissa 0°30 and derive a rough value for the mass 
of the satellite which Ring B. in the absence of the ROCHE limit, would have formed 
This value is log M. MM, 9-6, The mass of Ring B is probably not creatly In 
excess of this value. 1|-4 102° orams. The area of Ring B is about 1-6 1O-" em- 
so that the mass of Ring B is estimated at about | gram per cm®, 

Only very wide limits to the sizes of the Ring's particles can be set optically. The 


Ring has approximately the colour of sunlight up to l-4u, so that the particles must 


be larger than I-2u. On the other hand, the thickness of the Ring is below the optical 


resolving power of large telescopes. On the basis of BARNARD’S estimates of bright 
ness, made during the favourable edge-on appearance of 1907 RUSSELL has derived 
un upper limit of 20 km. The estimate of the mass per unit area made above leads to 
i total compressed thickness of about | em. Now it is known that Ring B is optically 
opaque to oblique rays, as found by BARNARD in [S89 from the light curve of lapetus 


+ 


is It passed through the shadow: furthermore, from the infrared spectrum and 


examines the probable effects of differential rotation in the rapidly revolving Ring. 


‘entimetres in size and some 


ne is led to suppose that the snow particles are a few 
What ¢ vlind) ical in shape withtheaxes oriented at right ingles t »the plane of the Ling. 


‘his raises the question whether such small particles could have survived in a 


rh seologic time, ex posed as they ire to solar radiation. The 


verage temperature of the sunlit flakes |S} will be 60-70 Kx but most particles 
will be only partially illuminated and be colder. At 70 IX the vapour pressure of 
tervapour is about 10 mm Ho from which the evaporation rate is found to be 
ro ohly y molecules per cm* per sec. The ey poration during ceologic time 
would therefore be about 10!! molecules per em?, a laver much less than | molecule 
The rmal evaporatlol OSSeCS will therefor have bee negligible TOl the Ring 
cles. Losses due to photo-dissociation by solar ultraviolet light wall probably 
Heel larger, thoug! ,3060 ol ()H has hot hee foul d 11) the spectrum ot the 
‘ing and its surroundings |S]. At higher temperatures thermal evaporation rapidly 
ses t 10OO-K it would, during geologic time, have amounted to a laver of 
ce about | cm thicl his could be used to explan hy Jupiter has not now a 
¢ composed of s1 . particles 
5.5. Sediment Rings—The gene problem of the formation and evolution of sedi 
ment rings Isa necessary counterpart to the problem Ot sate ite Ol planet formation 
Wherever the gaseous disks were dense enough to become gravitationally unstable 
protosatellites (or protoplanets) formed. each producing one major satellite (01 
planet). On the other hand ynere er the nebu 1 Tailed to ttall the critical density 
1 sediment ring developed. Thus. the solar nebula produced the asteroid ring between 
Mars and Jupiter. and the comet ring outside Neptuns vhere the nebula was colder 
ind more tenuous). The Rings of Sat irn are the only case now known of a sediment 
ring surrounding a planet: but one should note that very special circumstances favoul 
its visibility: being inside the RocHE limit the material remained finely divided. and 
filled nearly completely the entire plane of the Ring vhile the snow cover furthe 
enhanced the albedo. Ring ©, the Crepe Ring. is much darker and vet. from 
BARNARD S observation of lapetus. seems moderate opaque it may lack the 


snow cover. 


The survival of the several other sediment rings that must have formed initia 


f os tl ir 
wherever protosatellites were absent—will have depended on physical as well as 
dynamical factors. The physical factors include the life-time of the gaseous envelope 
in Which the sediment formed and which caused it to spiral inward toward the central 
body, with the largest particles coming last (Sec. 5.3 while the dynamical factors 


tale ide the formation ot Gaps iW the rings by commens rabilities with massive 
protosatellites and the possible subsequent eollectio} Ot thre sedim nt into small 
satellites: as well as the total dispersal of a ring by a major satellite either spiralling 


in (like Triton) or spiralling out (like the Moo The surface of the Moon bears 


rom the ilbedo one concludes that the Ring particles are mostly SHOW. If one further 
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ample testimony of having passed through a ring of sediments, with some of the 
largest hits coming toward the end of the period of major bombardment, in 
accordance with expectation. 

The thermal conductivity of the original loose, accreted lunar material is expected 
to have been low. perhaps 10-4 eal per cm-sec. deg. One can then show that the 
heat generated by radioactivity, at the rate at which this probably occurred about 
t. 10° years ago, would have melted the Moon entirely, except for a crust a few 
kilometres thick (depending on the conductivity of the surface layers). From the 
heat capacity and heat of fusion one then finds that the stage of maximum melting 
of the Moon would have occurred not more than perhaps 5 . 10° years after the bulk 
of the lunar material first collected. The limit arises from the uncertain initial 
temperature of the accreted material; its absolute value is very uncertain because 
of the uncertainties of the lunar composition and age. After melting, the conductivity 
increased very substantially and it is probable that the Moon solidified comparatively 
soon thereafter and has remained solid ever since. The distance at which the Moon 
solidified was roughly half the present distance from the Earth, as judged from the 
present moments of inertia of the Moon (or less than half, if the figure has vielded 
Now the study of the surface features suggests that the terminal stage of the \loon’s 


encounter with the sediment ring occurred at about the time of the Moon’s maximum 


melting: comparatively moderate impacts could then have caused such large 
formations as the maria. Visual observation shows that the maria did not form 
single catastrophe but at (somewhat) different times they exhibit different le 
where they meet. A few large post-mare Impacts must have caused such str 
as Plato, Copernicus, and Tycho. Innumerable small subsequent craters, of the 
Arizona type, must have formed all through geologic time by the Impact ot meteorites 
And they are indeed present, on Marla und « very where else l ¢ ge telescope the 
bottom of Ptolemy, for example, shows over 100 small craters ! 

Space does not permit to enter further into the special problem of the lunar surface 


+ 


formations: the writer intends to describe elsewhere his results based on a series « 
visual observations with large telescopes It may suffice here to call attention to the 
unique Opportunity afforded by the Moon to study the composition Ol 
sediment ring, apparently formed in Proto-EKarth outside the initial orbit of tl 


This subject is further developed in a recent paper, published elsewhere 


6. PLANETARY OBLIQUITIES AND SATELLITE ORBITS 


6.1. The Increase of Planetary Obliquities—Since the inclinations of the satellit: 
orbits are among the most important dynamical data bearing on the problems of 
satellite origin, and since the inclinations for the closer satellites refer to the planetary 
equators (cf. Sec. 2), the problem of the origin and change of the planetary obliquities 
must be briefly reviewed. 


It is not reasonable to suppose that the present hig ilues of the obliquities e.g 
27° for Saturn, 98° for Uranus) resulted dire: tly trom the solar nebula stead, from 
the relative inclinations of consecutive orbits in the planetary system one 
expect initial obliquities of no more than a few degrees It has been shown 

solar tidal friction on the protoplanet would produce not only a loss of ang 
momentum but also an increase of obliquity. It is seen below that evaporation unde 
the influence of solar radiation will have a similar effect: for this it is sufficient that 


the sunlit side evaporates more rapidly than does the dark side The 


representing the rot itional momentum carried away by the excess Mass evaporated 


the orbit il pl me hoth when t | 


on the sunlit side will be directed along the normal to 1 eC 
the 


Sun has the highest and the lowest planetocentric latitude it the equinoxes 


tor of the lost momentum will be directed along the axis of rot ition. 


-- 


Li I 


intermediate points the analysis 1s practically ‘identical with that considered 


for tidal friction in a neal spherical mass (4., Appendix | for the case / 0. In 


other words. the momentum vectol that is subtracted from the vector representing 


the tot il rot itional momentum of the protoplanet deseribes. 1n the course of one halt 


tion. a circle com yrised between the normal to the orbit. Z, and the pole of the 
| 


evoiutl 


equator. P. The remainder of the an vsis. giving the evolution of the obliquity 


, , 
its dependence on the momentum loss, follows the same line is the special case ol 
, 7 1 ] 1 
tidal friction referred to. If a// of the evaporation took place Trom near tit sub-solat 
point of the protoplanet. equation 7S). op. cul would applv and 

) Kk A-s/4 17 

n whic! » is treated as a quantity of the first ora s land A is the rotational 
nentum of the planet both 4 and A are functions oF the hie Ky is constan 
! ditter from plat to planet. Since A decreases oa} 104 for Jupiter 


} r¢ wi \ 1 ( SN = To iV 

he assumption t! evaporation took place neé e SuUD-s pon s the 
l T 0 i The n mentul ms clue TO ¢ po! e 1 Q parts 

pora l I s unio listributed ( ( nad « es off 
ng r momentum directed ong the axis of Ir ( 1) on near the 
S solar point. )) s. The lmiting cas ered above was 8 | 
It is readily shown, by methods used in 4... t] Ol 7) still apples 
SW tel It was show} > | p. 411) tl | ~ C4 1 tol ( 
cecaslonal large MMMNGuilles Du Nat equatiol L7 1) ( ) 1 torn Hy e@eXplalll 
hese obliquities 11 s 0-2 (called g in A Chis cond n indeed be satished by 
He ¢ pol TIO} mechanisti \ccordu o|\ re j / re / ia ic 
/ fominant 1 Sp sil i} wde hie ISOS ] 

Eqguatiol 17) 1s ilid only as long as 4 2 may be tr ed as st-order quant 
When 4 becomes large the Turther increase Is slowel than given by equation 17 
int it () no further increase by e\ yporatlol Call OC his Is Ve LIL \ ermea 

There is. of course, no difficulty explaining the sn bliquity of Jupiter. Equa 
tion (17) shows that if s the initial obliquity was about ten times small Ol 
0°23. For Saturn. where A changed by the factor 10°, s would give 1-6 for the 
initial obliquity Fo Ui snus no solution can be give! ( el | 17) were replaced ah 
tormula \ ilid for large 9 values. since 0 ~ 90 For s (5 the initial obliquities of 
Jupiter and Saturn would be 0:7 and 5°. A good independent estimate of the effective 


mean value of s. from the evaporation process Itself, has not yet been made. Clearly 


>) will be smaller the more rapid i the rate ol planet * gt 1*¢ ition There is some 


evidence that the temperature ot oul present upper atmosphere Is not very different 


at night than in day time: yet, the evaporation ol H and He occurs primarily 
during short spels of high solar ultra-violet intensity, s mus he closer to one than to 


1 


zero even now. With the initial slow rotations of the protoplanets, the asymmetry 


between the sunlit side and the dark side may have been ver) large, particularly 


when the obliquities were still small and shadows ot the dense interiors were Cast 


on the distant edges of the disk-shaped protoplanets. The initial value of s will 


therefore have been close to Unity and the avel ie may Ww ll have been roughly 0 


Note added in proo} LODA. It appears that the evaporation of the protoplanets 


has had another effect, namely, that it has caused an increase of their orbital eccent 


‘ities. The periods of rotation of the gaseous protopl wets must mnitiall nave beet! 
very nearly synchronized with the periods of revolution: but as the protoplanet 
shrank, the rotations became faster and direct. The evaporation was concentrat 


around the subsolar points, and the angular momentum per unit mass of the mate 


lost. taken with respect to the Sun. was well below the average for the protonla 


for either synchronized or direct rotation The average momentum per unit mass 
the protoplanet therefore increased with time, which caused an increase in a. Hovw 
ever, the increase was fastest at perihelion vhere the evaporatio1 s stronges 
this caused an increase also in « The case resembles that of the Moor vhere 
orbital eccentricity increased because the tidal friction on the Earth at ithe accet 
ating couple on the \loon were strongest it the perigee The « moration ette 


be considered in the interpretation of | 


6.2. Changing Obliquitie e and Natellite O f (‘onsider first ar sblate 

which has just formed a satellite e. the tellite is now no longer in pl 

tact with the oblate mass inside its orbit et the oblate central mass 0 
obliquity by a small amount, 09. as a result of poration under the imp 
radiation. If the increase occurs suddet the orientation of the 

space will not be changed and if the initia IMnatio vere zero 

now have the inclination 7 ). Thereupo ving to the large ob 
central mass. the node of the satellite orbit n the planetary eq o 
rapidly (in a period of say, 10 or LOO years the mean position of the orbit 1) 
will coincide with the equator, though the inclination will remain intact. Sine 
time seale of evaporation 1s ol the ordet rt [0° years, Many orders of 1 O 
longer than the period of the node, it follows that the next increment in oblig 
will be just as likely to diminish 7 as to iner With the oblig ( 
uniformly with time the orbital inclination will remain zero. Hence 

orbit will follow the planeta i/ equato wit! ! nit / remaining unchanges 
conclusion is unaltered when the solar tidal effects on the planet and the sate 
orbit are added. The first causes a slow precession ot the planetary equator on 
plane of the planetary orbit, which merely changes the effective period of planet 


revolution from the sidereal to the tropica a riod. The second causes a regressi 
of the node of the satellite orbit on the equatorial plane viding to the planeta 


effects on the node. 


The other extreme case Is a satellite movu so far out that 


Sec. 2) coincides with the orbital plane of the planet around the Su If 4 change 


the propel plane does not Hence, the satellite orbit is not affected by the ch inge oO 


obliquity 


again, 7 remains unchanged 


In the third or intermediate case, the propel plane is inte rmediate between 


equatol and the planetary orbit (ef. See. 2 If the plane of the equator change 


the proper plane will do so in reduced amount. The regression of the node of 


satellite orbit on the proper plane will still be rapi« 


changes 


Therefore 


thus, in analogy with the first case considered, there will be no change in 


7 remains unchanged in all three cases 


in the time seale of the obliquity 


cireulat 


orbits 


he above results apply to 
lvance of the line of 
} 1) 
iDsE€ moves 
onclusions regarding 7 still remain. 
Nince t} 
ybliquitv we 


] 4 { 
/ 
naepenaent oO 


he lay 


iGuIty aitel 


eT 


t} 


metrical considerations | 18 


Moon by the 


The expl wnation ( 


int 


lagging KE; 


DARWIN'S investigations on the subject 


nat 


Kart 


ure 


is orbit On 1ts propel plane s 


he tormation of lapetus. 


of tidal friction was recognized. 


19 


cannot 


by observing that 


\ small eccentricity will cause an 


be 


t 
| 


he 


| upsides in the plane of the orbit 


with a stationary apse. would result from 1 


he orbital eccentricity will not be affected by cl 


conclude that the classification of the satellites 


iT 


t 


f the orbital inclination has not 


around ISS80 


h itself Was responsible and he studied two ni 


any systemat ic change 


Hence 


he satellite spending different 


ictions of its time in different quandrants of its orbit, will be averaged out when the 


Apart from the possible existence of small higher-order effects the 


anges 1 


n the planetary 


in See. 2 Is essentially 


{ past changes in planetary obliquity. In particular, the inclination of 


tributed to a change in Saturn’s 


Barring the presence of unknown effects 


perating over very long intervals, we conclude that lapetus should be classified as an 
rregular satellite. The small orbital inclination found for Titan appears to strengthen 
his conclusion. The present distances of Rhea and Titan from Saturn, and the 
masses of these satellites, indicate that Titan was formed when Saturn had a mass 
l oT 1-4 times the present Mass. This corresponds 1 in estimated increase in 
Sa ns obliquity of roughly 4° after Titan became independent. Yet its present 
! on is small (0-3). consistent with the deductions made above 
\ further problem in the interpretation of preset es arises from the large 
! Ss losses D he planets. with the resi In nereases of satellite distances. These 
ncreases are due to the conservation of angular momentum in the presence of a 
limunisi cent foree Now the conservatior Ww will 1 merely preserve the 
S ie of the O mel a . s direction: hence the 
plane will : change 
WI will happen, however, when the sate passes the transition zone in which 
s proper plane changes from the planetary « he planetary orbit’ This 
problem resembles tl i riable planetary obliq n both cases it Is crucial 
n he ine ikes place time scale very I ngel than the period of the 
nod et the planetary mass suddenly decrease by S1 ount: then the satel 
te will increase @ corresponding ind a sn inclu mn to the new proper plane 
“ res since the instantaneous orbital plane remains fixed in space. Now this 
rbit will begin to revolve on the new proper plane and will be symmetrical to it 
during periods longer than the period of the node. The next increment in 7 is there 
fore as likely to be positive as negative. Hence, an initially zero inclination will 
remain zero. while a finite inclination will remain unchanged. Again, the classifica 
tion in Sec. 2 is not affected. Neither mass changes by thi plane IS nO obliquity ( hang s 
have a ( 1 th i} enatior of th satel] orhi } spect to the? prope) 
Che classification ot the Moon depends on the Interpret ition Ot the inclination of 
roughly 5° with respect to its proper plane (which in turn is only 8” from the ecliptic) : 
und of the eccentricity Of O05 The latter is known to have increased because of 
tidal friction. That tidal friction has this effect can be seen quite simply from geo 


ingentl il force exerted on the 


h-tides is maximum at the perigee 


been found. Sir GEORGE 


ve 


were made before the true 


DARWIN issumed that the viscosity of the 


dels 


one with high and one 
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with low viscosity. While DARWIN himself frequently refers to oceanic tidal friction 
as resembling his low Viscosity case, it was not till the work of G. 1. TAyLor and of 
JEFFREYS | 16] that dissipation in certain shallow seas was shown to be responsible 
for the astronomically deduced friction. DARwIN’s work has not been repeated on 
the basis of modern concepts and it is not clear how one should re interpret his 
original results. DARWIN attempted to trace back the dynamical properties of the 
Karth-Moon system in stages, using approximations that appeared appropriate at 
each distance of the Moon. The “initial” inclination of the invariable plane of the 
system appeared rather well determined, at about 12° from the ecliptic; but the 
initial inclinations to this plane of the Earth’s equator and the lunar orbit depended 
on the “viscosity” assumed for the Earth. If one goes back in time, the two inclina 
tions pass through zero for high viscosity, but approach 3° and 54°, respectively, for 
low Viscosity. While DARWIN states that tidal friction in ocean basins resembles the 
low Viscosity case, he adopts the high-viscosity case for the young Karth so as to 
arrive at zero initial inclinations 

On the basis of the preceding discussions the moderately high obliquity of the 
Karth-Moon system could have been caused by evaporation ol proto earth either 
before the core divided into the Earth and the Moon parts oO! afterward. The first 
possibility if obvious, while the second follows from the conclusion that changes it 
obliquity resulting from mass losses by the Earth would not have increased the 
inclination of the Moon's orbit with respect to the changing propel plane. The 
rotation of the Moon itself is a forced one, both in period and in orientation; and the 
moments of inertia indicate that this situation has existed for most of the Moon's 
history. It seems doubtful whether differences in evaporation of Earth and Moor 


could have led to an apprecl ible orbital inclination 

The “initial” distance of the Moon is uncertain. Actually it is expected that the 
distance went through a minimum because, after the cores first formed and while thei 
masses were still increasing by sedimentation, the distance must have decreased 


Later. when the masses of the interior parts became smallet owing to evaporation 


of the gaseous envelope, an increase of distance must have begun. This increase 
may have been by a considerable factor (say, 2 or 3) before the envelope of the Earth 
became thin enough for the surface to cool to the point w here oceans could condense 
Thereupon, the long history of tidal friction set in, leading to a large further increase 


in distance. 


7. ORIGIN OF THE IRREGULAR SATELLITES 


The treatment of this subject can be brief, since the essentials have been described 
hefore|7|. The point ol departure is that a regular satellite will increase its distance 
from the planet by a factor D equal to that by which the mass of the planet is reduced 
after the satellite becomes an Independent body (Sec. 4). For the first satellites 
generated in the outer parts of the protoplanet, ) may, in the case of Jupiter, be at 
least 10; for Saturn 20, for Uranus and Neptune 40, and for the terrestrial planets 
100. At the same time the “radius of action’, # ,, of the planet in the tidal field of 
the Sun, decreases. For point masses R , IS given by the interpolation formula 

log (R , a>)) 0-318 log u 0-327 (valid for LO7! u LO-? Meeers sf 


in which a, is the semi-major axis of the planet's orbit around the Sun and 


u M p (V/ M p). Equation (18) gives R , to an accuracy of | per cent within 
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D and RFR, decreases as D~-??, the 


since a Mmcreases as 


ncreast S The lara mass decreases quoted will therefore 
early satellites, except the closest, to be “veered out” beyond the 
free satellite is not uniquely determined. It will at first move around 
rbit fairly similar to that of the parent planet having been shed at a 
e Sun withina R ,. and witha velocity relative to the planet that 


0 about 2-4 km per sec. Since it was shed when the planet was losing 
the planet still had a large cross section. Thus. there is a good 
t the former satellite will sooner or later collide with the protoplanet 
ess lose enough energy to be recaptured. The geometry of capture 
ect or 1 crade relative motion, with roughly equal probabilities. 
ptures were made from initially hyperbolic orbits the resulting elliptic 
he erage e had fairly high eccer es. However, these orbits 
ed Dass throug the protoplanets and thus the initially high 
\ } e been reduced while the a ies of the orbits were reduced 
ras he inclinations will have changed also: the orbits with direct 
e reduce heir inclinations because of the rotation of the proto 
he same reason the orbits with re rade motion will have increased 
Y ISO educed then geb plot as Fig. | 
es ( vit! espe » ¢ () ISO need not be small. 
Y ( e of low i es because of the greate) 
( ] \ TT¢ ( ng a nigh 7 ilues 
1) w ( he repe | passages through the 
‘ MASS 1] PAS he satellites). though the 
( S sin the case of et e entering the Earth’s 
S eo . es quite see Fig. | Nereid has a 
nd has apparently not been great fected by proto-Neptune 
1) ( self 58 Mass ( epresent the initial Mass 
the thie hand, has nearly ze ( ent ty anda small value of 
( | O - Dass O ! or} eC] ! envelope, must have 
S { S ve st ass s initially quite small 
east : Ss ( f the planetary envelope had not 
e. || ( e) e ( s present distance Is 
[rito ! ient Vy explains Why 1 reg iv satellites have been 
tune The writer's rec surve \ he S2-in. telescope, with a 
e of ab 9-5 or 20, vielded o1 Nereid. Nor was any object 
( ohte han about 17:5 Is. The explanation is that 
spl fe ward the planet. would have disrupted any forming 
sate ev limensions comparable he Uranus satellites o1 
sate ( e close to the planet mig! e survived, but, if present 
f nd probably below the discovery limit stated 
hree irregular sate es, with lapetus by far the brightest of any in this 
know his object shows a peculiar distribution of reflecting powe1 
“ \ study of this phenomenon and its bearing on the history of 


| KK 166] 


The irregulal Jupiter satellites fall into two GYOUDpS hot merely by inclination 


Fig. 1), but also by their distances from the planet. The present values of a A, are 


Jupiter VI, VIT, X 29, 0-29, 0-29 
Jupite Vilr. PX, XI. AP OOS, 0-59, 0-56, 0-52. 


It is extremely improbable that these multiple coincidences in @ and 7 are due to 
independent captures. It is very probable that instead only wo captures are involved 
and that in each case the intruding mass broke up into a number of fragments. This 
poses a new problem can a mass, some LOO km in diameter. break up upon entry 


into a planetary envelope whose density might be 10-° or 10-47 If the satellite were 


similar in structure to a meteorite the answer would probably be “no.” However 

a small outer satellite of Jupiter would not resemble a meteorite. It would probably 
be largely composed of snow, with silicate grains suspended in it and extremely 
loosely put togethe because of the very low surface gravity. In other words. the 


object would somewhat resemble the head of a comet Such 1 Mass might well break 


up when colliding with a fairly dense gas cloud at a velocity of 5-10 km per see 
One would expect then. that several more such f1 igments can still be found (smalle1 
fragments will have somewhat smaller a Llues see below 

\t present the outel GrOUp ol Jupiter SATE ites has such large ilues ot a R 
that the orbits are on the verge of instabilit They could not have been captured 
in the present position. It must be assumed that Jupiter's mass kept on decreasit 
uiter this group was ¢ uptured ind that the satellites increased their a values corres 
pondingly. This is not an ad hoc assumption because Jupiter possessed a gaseous 
envelope when the capture took plac » that its mass must have decreased 
subsequently 

Recapture by the planet Is not the only fate that may befall the freed satellite 
\lternatively subsequent close approaches to the protoplanet may be neat 
elastic collisions , leaving the object free but moving in a different orbit around the 
Su Two types of orbits thus resulting ive discussed in See. 8 

\1ll but two of the irregular satellites have masses so small that by the reuments 
of Sec. 5.4. these bodies must have formed as condensations in stable nebulae 


Triton and lapetus might be exceptions but the present masses might be far in excess 


of the initial ones after recapture. Because these bodies will have held semi-pe1 
manent ¢ nvelopes upon then recapture somewhat like the regular satellites of inte 
mediate Nass Sec. o.4 they may have orowh very substantially during then 
second immersion in the planet ry envelope Wuite possibly, then ull irregulal 
satellites formed initially as condensations in planetary envelopes below the critical 


density limit. The condensations must then have been numerous and diversified in 


SIZe Following the reasoning in See. 5.3 we « <pect that all sizes below a critical 
value will have spiralled inward and joined the planet proper, and that all sizes above 


] l 


another limit will have been lost to Interpl mnetary space when the evap ration losses 


became large. The number of faint satellites lost and recaptured must therefore be 


} 


finite, but might be very large. However, after recapture another selection by size 


ive occurred which removed the smallest objects once more preferentially, and 
| them to spiral down on to the planet. The present irregular satellites will 


fore be more restricted in size and number than the objects that remained free 


terplanetary space. Thus the Trojans probably range down to extremely small 


while this will not be true for the recaptured satellites, fragments included. 
tual limits involved are not known numerically ; since they depend ona balance 
ces that are not known in detail. But the lower limit for the interplanetary 
es will be lower than the lower satellite limit. which in turn will be below the 


observational limit of about 20 km fo1 Jupiter. It will thus be of distinet 


est to push down further the discovery limits of both the irregular satellites and 


e temperatures 1n the outel parts ot the protoplanets will initially have been 
» those estimated for the solar nebula at the time of its break-up (Section 3). 

re, the condensations will have been composed largely of snows. They will 
esembled the heads of comets In composition ceneral range of size. and 
so in number. since the total condensable mass In the outer parts of the 


e protoplanets will have been several Earth masses. The writer now regards 


ree f comets as th most effective to explain the large number of these bodies 
rbyvy OQORT Slnvestigations the source o itside Neptune in the gravitationally 
nge oO he so nebul } has lost some interest [20], owing to the 

ss of P y now indicated 
a) Ss possibile, the! 9 account for the origin of the irregular satellites without 
ole ad } issumMptiol These objects had to form, be lost be recaptured, and 
oa ing in the kind of orbits observed. What is not yet known in detail is 
( ming of these events relates to the time scale of solar contraction. Probably 
yndensation Ot the outel satellites und comets took place before the Sun’s heat 
me important: but the ejection of these bodies had to await not merely the onset 
cons derable progress with the evaporation of the envelopes. Thereupon, there 
<= to have been a period of little activity in satellite formation, though some lost 
es were probably recapt ived during that Stace this follows from the absence 
9 satellites at more than 25 standard planetary radii (cf. Fig. 5).* This 
id may tentative be identified with the first period of intensive solar radiation: 
id ade tributory tactor may have been the presence ot large sola tidal waves 1n 
ypes now rotating with greatly increased angular velocity. Finally, when the 
iy masses were reduced to nearly their present values, the remaining much 


| 


" ] ] 


ller envelopes flattened and produced the organized systems of regular satellites 


observed. These systems are all contined to within 25 standard planetary radii, 


one svstem even ten times smaller. Possibly a ring of accumulated sediments, in 


derived from farther out. aided in the formation of these close systems ; although 
ist the Jupiter system shows no evidence that such aid was necessary. These 
ems, as well as the allied one of the present periods of planetary rotation, will 
ye pursued here 


8. Tue Trogans, HipaLtco, AND PLUTO 


e preceding section it was shown that protoplanets may shed satellites. Some 


these satellites may be recaptured and become Irregulal satellites: others may 


pond 
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remain free and resemble “asteroids”. The present section is concerned with the 
second PrOup. 

The classification of the nearly 1600 known asteroids strongly suggests that a 
group of former Jupiter satellites has been added to its ranks. The asteroids have 
a roughly normal distribution of a@ values between 2-2 and 3-5 astr. units, apart 
from the “bunehing”’ that apparently resulted from avoidance of the commen 
surabilities with Jupiter, at n,n”, lL 4, 13, 2.5, 3:7, and 12. Thereupon one 
finds the 3.5 gap, followed by a small bunch near 3-9 astr. units, remarkably close to 


the commensurability 2.3. Beyond 4-0 astr. units one only finds Thule (a {-28 
13 Trojans (a 5:10-5:27), and Hidalgo (a 5:79). 
The limit near a tO has an important dynamical meaning. For smaller a 


values and small or moderate eccentricities and inclinations the Jacobian constants 
of the three-body system Sun-Jupiter-Asteroid are such that the asteroids must for 
ever stay within the solar oval of the HILL surface of zero velocity defined by the finite 
masses of the Sun and Jupiter |21], and passing through the Lagrangian point L, 

Conversely, they must have been in that oval ever since the mass of Jupite! stabilized 
to the present value, a few hundred million years after Jupiter was formed. During 
the still earlier interval the mass of Jupiter was decreasing; but objects well inside 
the solar oval will not have changed their a values creatly as a result Therefore, the 
asteroids well within 4 astr. units from the Sun were, statistically speaking, formed 
about where they are now. This is consistent with the fact that the initial position of 
Ne computed for the maximum mass of proto-Jupitel of nearly 0-03m was 
f-0 astr. units from the Sun; asteroids could not have formed at a t-O0 astr. units 

This discussion shows how anomalous are the Trojans and Hidalgo (Thule is a 
borderline case which requires further study). The Trojans cannot have formed in 
the asteroid belt: if they had they would still be there. No alternative is in sight 
for their origin as shedded satellites of Jupiter, unless, of course, they were formed 
in situ. This last possibility is briefly considered below. 

The motion of a small body in the field of the Sun and Jupiter may be described by 
the methods of the restricted three body problem. It is well known that stable 
periodic motion is possible around the triangular points, L, and L,, while motion 
with very large amplitudes around these points has been investigated by EK. W. 
Brown |{22]. Other periodic and non-periodic motion is possible in literally infinite 
variety and complexity ; a survey of the simplest periodic motions is given by 
K. STROMGREN [23]. 

A ceneral discussion of the motion of a small body in the field of a constant Sun 
but a decreasing Jupiter mass would be a wholly impossible task; but just as some 
meaningful statements may be made in the ordinary restricted three-body problem 
by using the Jacobi integral, so may one derive some results from the equivalent 
expression for the case of variable mass. For a constant Jupiter mass one has the 


well-known Jacobi integral: 
Tm Re ia =) es ‘ 19 
in which w is the mass of Jupiter and |1—wu that of the Sun, so that their sum is 


unity: the distance Jupiter-Sun is taken as the unit distance and assumed constant 


while the unit of time is chosen such that G |; further, the small body is referred 


to a co-ordinate system that rotates with the motion of Jupiter around the Sun 


na re the distances of the small bod ron ne hnite masses CC. 


nd 2 re the ( rdinates of the small body in the rotating Trame ind v its velocity 
. , , 1 | " 
he 1 ‘ Since (ithe motion of the body 1s } ted by the Hill surface of 
( elocit\ found by putting 7 0: the surface still depends on C, a constant of 
nts } 
KE quat 19) is of interest in that it leads to the proof that a body neat Jupit 
1 not have become rojan if the mass of Jupiter had remained constant 
Si) e S 1S rigol IS TeS tis of great lMport mice this {¢ 
~ S nsideread Tel 
eJ i integn 19). isthe equ nt of an energy int 
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that either a 


Projan will result or a body 

( but a large) cist ince tron 
rotating trame to compensate for 
Trojan maximum may not have been cor 
finite amplitude of oscillation 

It was clear that numeri 
were needed to put the abo 
particular the derivation of 
interest \ccordingly, in a 
discussed these results 
problem Dr. RABE hi 
Hirst investigations have been published 
,ABE'S first investigation succeeds in « 
valid if the Jupiter mass decreases. He: 
with uw. but least of all at the triangular 1 
velocity v will also decrease. This will fe 
poimts In fact. RABE notes that the 


) ] 


3 (down to 2-67). which is possible be 
Jupiter plane \pparently, the oc 
ittributable to the decreasing Jupiter 

Krom the relations between { 
amplitudes of the Trojans, Ras 
S69 IS Ie quired to ch unge a Troja 
ideal Tro} in at the triangulat point 
the Trojan with smallest amplituce 
largest amplitude: and 7-05 for the 
mate, being derived from a theory th 
on the Jupite rorpl 

Ne Bb ve rates the additi 
moving » range of the outermost 
Trojan librational orbit. From = an 

finds the faetor 
28. since Achilles 

of the osculating Jacobian Constant 
factor of 18. RABE considers the second 
adopts 20 as the most probable ratio s 
loss will have been somewhat greate 
Was used 

In his second papel RABE Integrates ni 
the opposition side of Jupiter. He finds 
that further integrations are required bef 
possibilities. 

We have mentioned as an obvious alternat the possibilit vy that 
formed in situ. This possibility has not yet been investigated and it 1 
that it can be excluded on the grounds that sas cloud of sufficient density 


maintained around the triangular points at a sufficiently long time for 


to have condensed there The explan ition as former satellites of Jupitet is 


with the earlier conclusion that Jupiter lost at least 90 per cent of its initia 


present Composition compared to the cosmieéal] composition 
tion summarized in Fig. 4 


new issumption 


1d\ ineed. 


theory of planet forma 
of irregular satellites). No 
1 the interpretation of the Trojans here 


presence and explanation 


is therefore introduced it 


Pluto is suspected to be an object like Hidalgo. and its origin as a former satellite 
oO Neptune likewise requires further investigation. 


The Origin and Significance of the Moon’s Surface 


HarRoLp (C. UREY 
| 


HIsToRICAL NOTES 


On 10th December. 1892. G. K. GinBpert™, the well-known geologist. ga 


iddress as retiring president of the Philosophical Society of Washington on 
Moon’s Face; a Study of the Origin of its Features” \fter sixty vears this 


still is a scholarly presentation of the subject and answers many of the que 


which have been asked and discussed durin othe Vears since then He presented the 


arguments for and against the voleanic and collision theories for the origin of the 
Moons craters and concluded that the principal features are due to the collision O 


discussed the surface of the Moon i 


{ 
| 


objects with the Moon's surface. PICKERING 
the early vears of this century. He refers to GILBERT'S work and discusses it in 


race 


superficial way and then presents most fantastic ideas about the Moon’s sur 
including the presence of snow, river beds, Martian canals, and the presence of plants 


SEE™ came to conclusions very similar to those of GILBERT but added very little 


his discussion. SHALER®) made the most comprehensive criticism of GILBERT'S 
ideas during the early vears of this century, though he did not read GILBERT'S papel 
He raises objections to the paper which were fully 


carefully or fully understand it. 
but the 


Many excellent observations are reported by him 


answered by GILBERT. 
this reason, I find that his criticism of 


physical interpretation is often inferior. For 

In 1917, D. P. Bearpb "© presented a papel 
on this subject which again and conclusions but adds little 
to the evidence which he presented twenty-five years previously. In 1920, W. W. 
but gave no reference to GILBERT and was 


(GILBERT'S ideas are largely unconvincing. 


presents (;ILBERT S 1deas 


(CAMPBELL discussed the subject 


apparently not aware of his work. Most of CAMPBELL’S rhetorical questions were 


answered or seriously discussed by GILBERT twenty-eight years previously 
t 
yi 


does not mention GILBERT'S paper in either of the three editions « 


JEFFREYS" 


SHALER, N 

BEARD, D, P 
CAMPBELL, W 
JEFFREYS, H 


L946 re ewed theo! 


var features including 


n his extensive discussion Moon. does not refer to 
r previous authors—and was ipparently not aware of 
ies for the origin of the Moon and inclined to the meteori 


the 


the colliding 


the 


that 


issumMption 


h) beheved thes fragments resulting rom 


i. flows from 


In this 


1 Moon. He assumes that the maria are lay 


is the Moon moved away from the Earth. 


luced 


Moon must have changed trom a more elongated one to 
1 Olive and hence breaking Ol the surtace should have 
y did not study good photog! phs of the Moon. since 
ympletely the great collision in Mare Imbrium pointed out 
rts tl WEGENER accepted the collision hypothesis”! 
ecognized many features of the Moon's surface structure 
rT and BEARD, apparently without knowing of their work. 
ol of the scholarly work of a well-known scientist Is very 
velieve has resulted in a half century of indecisive and 
, ol he Moon's surface na (ie of the same length ot 
“ ee ee he origin of the Moon and the 
Tre s fi he 1 ed subject of the Earth's origin and 

O \ 

ithe G RT 1deas 1946 1) oht forward many of ] 
( Si) CONCLUSIONS nd Batpwin’. in 1949 
. { ewing the « s literature on the Moon 
Q S ng the arguments nd against the collision 
vain reaches the same sion that GILBERT did 
~ nd tor 1 (I eC Sallie i ~ ~ He Was ible to bring 
e d to bHear oO} ne suby Gata which have heen 
| elrrestl eXDPILOS e4 els s the sm ill Ones pro 

he ge ones produced Db ete e collisions. Hoyaux 

s f he sin of the Moon’s surface and again concluded 
pothesis agrees wit! ~~ nally Urey. in 1951 
coestions ss creement between men of very 
esented b this developme! ne ding geologists, a geo 
elec cal enginee} na pHVs ‘hemist. and often the 
those who | ( rked in the last decade as 


H 1669 
were advanced by GILBERT over fifty years previously without knowing of his work 
In spite of this essential wreement many ph ical scientists still refer to <he voleanic 
nature of the Moon’s surface l can only conclude that few scientists have looked 
carefully at the excellent pictures of the Moon which have been taken during this 
century. Perhaps they have not brought to the study a sufficient knowledge of the 
exact sciences of physics and chemistry or have not believed that a rational solution 
for the problem could be secured. 

These papers are not at all the only one which have been pre sented (7TFFORD 
pointed out the high energy per gramme it c elocity objects and how these would 
act as explosives and thus account for the predominantly circular shape of the 
craters produced. GILBERT suggested that the predominance of circular sh Lpes Was 
due to the fall of satellites of the EKarth-Moon system, which would certainly favo 
vertical fall as compared with the fall of obpyect ha ing elocities much | oner tl 
the escape velocity of the Moon. Such low velocity objects would not have the hig! 
energies per unit Mass assumed by GirrorD. However, if water of erystalliz 
were present, then GILBERT S satellites arriving at the surface with the escape velo 
namely, 2:3 km sec.~', would be explosive in character—as pointed out b 
and both GIFFORD S and GILBERT'S suggest became consistent as an explar 
for the circular shapes. 

Perhaps the most remarkable book of the period is that by Spurr” hic 
interprets the surface of the Moon in terms of geological phenomena. He describe 
many features of the Moon in detail and finds inv fault lines throughout its are 
Some of these are real. as for example the Ss Ol nd slips in the transition reg 
between \Iare Imbrium ind the \penl ICI Lie concentri © His Mare 
However, | cannot see any evidence foi f his fa lines and believe he has 
confused the rocky ridges and grooves wl tO he radiating system associate 
with Mare Imbrium with faults. (These w be discussed late The incorrectness of 
his discussion can be detected immediately b critical reader. On page +2 of the 
Ist part called “The Imbrian Plain Region of the Moon’. he shows a drawing of the 
Imbrian Fault System. This drawing doe sree with the drawing of ‘the most 
conspicuous fault-lines on the Moon’, on page 15 of the second part, called “The 


Features of the Moon’. with respect CoO the co 
he can see all those faults clearly then at leas 
of the lines given on the second di iwing. wh 
more than an artistic resemblance of the two 


indicates a fault in nearly a straight line f 


slightest indication of this extension which is s 
spicuous fault lines on the Moon ind the 
region of Mare Nubium, if [ interpret his di 
the Clefts as faults. SpuRR’S discussion lacks 


] 


of the earlier selenographers 


2. REVIEW OF GILBERT'S Dist 


Since | beheve that GILBERT'S paper Is funda 


surface. and since its contents have heen rep 


nmon region ot the two drawings If 


the first drawing should contain a 
ereas there appeals to be not mucn 
l | ' ] 
SPURR SnNOWS the Straigat Wall and 
it to the north I cannot see the 
t | + } { +} + 
pposed TO be one Ot rhe mos con 


1 1 


| +] 
o10n Is In a completely smooth dark 


le does not include 


SSION ON THE Moon 


he Moon's 


nental in underst wnding 


eCi\ presented by subsequent LtTNors 


ll, s 


( 


Witt it knowing of its existence, a briet resume oft the paper is given here It Is the 
purpose of this review to est iblish the essential agreemen In reg rd to the surtace 


features between different students of the Moon and not to present the data and 
nterpretation themselves These have been presented in GILBERT'S original papel 
s well as in BALDWIN’S and UREy’Ss books 

GILBERT reviewed the characteristics of craters. their sizes. numbers, their form. 
the presence ind ibsence ot the central peak the presence and 


ibsence of lava, changes with size, apparent age, and the overlapping of craters 


which is never reciprocal. In discussing the volcanic theory, he compared numbers 
f craters on the Moon as compared to those on the Earth, the relative sizes of lunat 
errestrial craters. and differences in shapes. He concluded that the only 
earthly type which appears on the Moon is what he calls ““maars i.e. the explosive 


ype such as Krakatoa or Mt. Lassen He discussed the tidal and snow theories 


{ the o in of craters and showed that these are ¢ té inbelr ible as physi il 


heories BaLpDWIn. Hoyatx. and NOLKE have re ewed such theories in greatel 


nd considered s estions 1 le more rece} 
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formation if high mountain ranges were to be preserved. Mr. R. S. WoopwarRpD 


pon ted out to hil that an object Ttalling on the \loo1 vith the escape elocity would 
I ~e S TeTNDe I’¢ ) LL | | ne enere \\ ~ ( ( Ss nea 1] ne iferila 
Ol ne pody | ‘“a~ e ] PTOO { 1} sy | r e} oO produce molten 
The ( ime of the ri Of the @1 ¢ ” Hi s ped ( liscrepancy on the basis ol 
| 

experiments which he made t he low dens of the surface material, which 
Was Impacted sometimes he collusion process 

jy order to explain the circular Tor) of the craters, GILBERT proposed that the 
craters were produced by small satellites of the Earth travelling with the Moon 


approximately and falling into the Moon. and he quoted R.S. WoopWARD'S mathe 


< 


matical studies in support of this. It is true, of course, that such objects would have 
a higher probabiilit of fall 1 1 vertical direction that ould high velocity objects 
Since the present linear velocity of the Moon is | km sec ind was 2 km sec. 


when its distance from the Earth was 10° km. it can be assumed that the relative 
velocities of the satellites and the Moon due to differences in ellipticities and inclina 
tions of orbits was only a fraction of these velocities in many cases. Thus the relative 
elocities of the Moon and the colliding objects il reat distances were small as 
compared to the escape velocity of the Moon and hence GILBERT'S explanation of 


circular craters has some validity. GIrFORD’S explanation would also be valid if the 


ts or the Moon's surface materials or both contained some water of crystalliza 
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tions, which seems probable. GILBERT Stuy or ted that these satellites were conce} 


trated in a plane like Saturn’s rings. He pointed out that the larger ones should 
have produced more molten lava than the smaller ones and that the rims of the large 
craters produced may have settled Into the \loon ~ surtace to some extent Hy 
attempted to account for the terraces in the interior of the larger craters by « 
sidering the conditions that could have produced “‘land slips He explained the 
central peaks as due to elastic recoil from the collision together with a depo 
rear parts of the satellite which were decel ted more gradi ' He believed 

the lavas were produced by the energy oft the collision and reea that H 

in connection with the discussion of the first law of thermodynamics shows 

lead bullets striking steel were parti uiv melted (SILBERT tound 

ments that Woop’s metal bullets fired fro: 4 walnst Woop : 
melted. SHALER also believed that a molt ae thalever thee amet 

and that the lavas of the maria resulted fi the energy of ling 

he assumed to be small and moving with | | ( f He 

must have been very fluid and hence at higher temperature 

Hows. URE argues that melting should be f ired hen the « 

but not much creater than. the me iting ene! he random distrib 

on the Moon's surface except where the ( ered by the 

culty in relation to GILBERT'S assumed Sat ng distribution 


such a distribution of satellites in the plane t thy \loon 


in preferred collisions in the lunar equat eZ1O lf) li 
apparently uniform distribution of thi neluding be 
the maria and craters he assumed a nd fting of the M 
It seems probable to me that the satellit ere not contined 
(GILBERT next described the great co n Mare Imbh 
odds the most definite evidence in regard to the sin of the M 
opinion of the present writer This co rred according to G 
Mare Imbrium. “Its focus lies within the great ter rim of the Ca \ 
and Carpathian ranges, but is not concent vith that rir nd 
by a rim of its own This probably refe te the rea found b R 
UREY 24 suggests that the object came in through Sinus bri lu het wee 
tories Heraclides and Laplace, which are about 230 km apart. GILBERT ¢ 
diameter from his estimate of the materia dded to the Moon as SO or LOO 
BALDWIN gives 125 miles, Dirrz tens of miles, and Urey 200 km from s 
considerations. GILBERT believed that the collision furnished the ivas otf Sn 
Roris, Mare Frigoris. Lacus Mortis. Lacus Somniorum, Palus Nebularum. Mar 


Tranquillitatis, Mare Vaporum, Sinus Medii, Sinus Aestuum, and Mare Nubiuw 
and perhaps also those of Oceanus Procellai im. BALDWIN added Maria Foecundit 
and Nectaris to this list. SHALER believed that the maria were produced by the 
collision of several very energetic but small objects, and he observed that there is 
no evidence of erosion as would be expected had large quantities of lava flowed 
from one mare to another through narrow openings. Urey believes that Mare 
Serenitatis was the result of a separate collision which supplied the lava for Mare 
Tranquillitatis, Lacus Mortis, and Lacus Somniorum, and that Mare Foecunditatis 
probably and Maria Nectaris, Crisium, and Humorum certainly owed their lava to 
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BUELL and Srewarr’?? reproduced the general effects of lunar rays b iewiln 
ground rocky material on a background of similar material at rious angle 
(FILBERT wondered about the cause of the irregular ravs from Copernicus al 


offers an explanation inconsistent with the dust hypothesis. Urey explains thes 
due to the presence of a tenuous atmosphere at the time theyv were tormed 6¥i Ey 


noted that certain of Tyecho’s rays trend toward a point on the rin nad 


i the centre of the cratel URE\ suggest that this effect wa produced b t } 
clouds of dust going completely round the Moon while the Moon rotated to the we 
The dark nimbus surrounding Tycho is puzzling to all student he mate 
investigated by Beck and by BuELL and S VART are much more like 
for the ravs than are tin phosphor | 1} er. eh postulate eS 
The issumption that the ray crate ( ent features meet | 

the standpoint of the obliterating effects t e expected fro ling 
This was discussed by SHALER. who gives the following possibiliti: 
for the presence ol the ravs in spite of the OmMmbardment of the Me 
namely. the numbers and masses of meteorite I 1 ler than gene 
or the Moon and Sun are now passing t! «| f ohiect f 
misyudge the intiquity of these feature f the Moon fey (4 
that the dust of the rays fell in some place t least with a much ereate 

i In others, and perhaps to depths of centimetre reven metre 

OL. 2 hence meteorites which are mostly of sn e would not complet 

1a Ge 

LJ OE rays, a suggestion due to MERRILI Howeve PANETH has sugge 
size meteorites may be recent object n the ter Both he and S 
out that fossil meteorites have not been f Also, Ly ETO 
that comets are picked up by the Su t t els through space rut it se 
improbable that the amounts of such matet vould have wa hes 
recent times It seems probabli that Mri Ss explanation 1s the correct one 


From this study GILBertT concluded that the Moon grew from these 


that at the terminal st Lore the surtace ‘ ) ind tempor 

the general temperature was low. He found ( lence for buckling of 
During the whole period of growth the body of the Moon was cold \ 

the formation of the Moon, the Earth must | e accumulated some of the 


and crown to some extent He concluded that these events are incient na 


place before the ceologic record began Dr l'/ BaAl DWH. ind Hoy \ \ la 
continuous history of lunar collisions with circum-solar objects of the meteorite 
tvpe, while UREY subscribes closely to GILBERT'S and SHALER’S conclusions relative 


to the time of events and the thermal histor of the Moon 

Few people 32) have emphasized adequ itely the great difficulty of accountin lO! 
the oreat mountain systems represented by the \pennines ( aucasus \lps, Cai 
pathian and Haemus Mountains by any volcanic or plutonic effects without the 
aid of running water—or indeed with its aid ‘hey are not lava flows, volcanoes 
folded mountains. If faults are responsibl they are covered to a remarkably con 


plete degree. Some faults exist. but they do not seem to show any clear relatio1 O 
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the structure of these great ridges and disordered piles of rubble. [It is my conclusion 
that they fell on the surface during the great collisions that produced Mare Imbrium. 

SHALER recognized the difficulty of accounting for the lunar mountains and sug 
gested that lavas of a frothy type flowed from fissures and solidified rapidly and thus 
produced high structures. Surely the lava would flow horizontally under the solidified 
iva and would not produce mountains some kilometres high, such as Piton and Pico 
n Mare Imbrium, to which he alludes, as well as mountain ridges such as those of the 
\pennine and Haemus Mountains. SHALER failed to realize that the lava could not 
ol rapidly below an immense insulating mass and that gas, 7.¢. mostly water, would 
not become disengaged from lava under the high pressures which would exist beneath 
mountains on the Moon \oain, he failed to understand the significance of the 
Imbrian system as It Was outlined by (,ILBERT The Straight Mountains. and to a 
lesser extent Pico, Piton and the Spitzbergen Mountains. have a marked surface 


resemblance to the area of the Jura Mountains, which ippear to me to he pre Imbrian 


In origin since there is so little evidence of materials deposited here during the 
Imbrian collision Phis suggests that these features in the Imbrian plain are residues 
of the lunar surface antecedent to the Imbrian collision which survived this cata 
s phic even 

is a characteristic of a science that different objective observers studying the 
same evidence come to the same conclusions and that the overwhe lming mn LJOLIT ol 
such observers agree substantially When this occurs Ww ¢ regard the conclusions 


such scientists as true. For the purposes of this pap im concluding that the 
i¢ hypothesis is false and that the collision one is true on the basis of evidence 
esented above I hope that phvsical scientists will study the evidence carefully 
vefore making even incidental remarks in regard to the origin of the lunar surface. 
(Qulv in this wav can we expect to secure responsi pi greement in regard to this 
juestion 
3. DURATION OF THE FORMATION PROCESSES FO iE Moon’s SURFACI 
Following a suggestion of CraIiGc, UREY showed that the depths of the lavas of the 
lision maria. namely, Imbrium, Nerenitatis. Crisiut Foecunditatis . Nectaris. 
i} | H imorum, can be estimated reasonably by Wplving BAI IWIN S formula, fol the 
relationship between the depths of craters and their diameters. to these much larger 
objects ? The results cannot he expected to he exact but the o1 le} ot magnitude 
of the depth is found to be 10-20 km. In such a melting process all metallie iron 


nickel and iron-sulphide should have sunk to the bottom of the pool. In crystallizing 


the more dense and higher melting basic rocks should crystallize first. giving an 
oll ine-rich laver at the bottom ind a very icidic granith tvpe ror kk il the surface 
with rocks of intermediate types in between. The time required for crystallization 


might be very short if bare liquid lava were exposed at the surface, 01 much longer if 
ras-filled froth. that is. pumice of some thickness floated on top. If 100 m of material 
of the heat conductivity of pumice covered the surface, some 10! to 10° vears would 
be required. These collision maria have no large craters in their interiors, though 
such craters dip into their edges, indicating that these maria were molten when the 
fali of satellites stopped. The surface of the Moon must have been formed quickly 


The collision which produced Mare Serenitatis must have occurred before the 


mbrian collision, as GILBERT noted. since otherwise the many delicate structures 
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surrounding this mare and evidently belonging to the Imbrian system would have 
been destroyed. Material of the type that formed the Haemus Mountains must have 
fallen on this mare when the Mare Imbrium collision occurred, and since no moun 
tains appear on Mare Serenitatis, it must have been liquid and hence these two 
maria must have been formed within not over LO? or 10° years (and probably a much 
shorter time) of each other. Again. the surface of the Moon must have been formed 
quickly, 

The whole area in the neighbourhood of Mare Nectaris looks like an old partially 
obliterated mare with a collision area and a shallower shelf area extending out to the 
Altai Mountains, similar to the structure of the subsequently formed Mare Imbrium 
The shelf area between the Mare proper out to the Altai Mountains has many craters 
formed after the Mare Nectaris collision. This shelf was covered by 1 thin laver of 
lava which quickly solidified while the Mare proper was a deep pool of lava which 
cooled slowly. It has no large craters within the area This reasoning indicates that 
the land areas were also formed during this period of time, since the area betw 
Mare Nectaris and the Altai Mountains has the same kind and approximate dens 
of craters as other areas. The details of overlapping of small craters with the [mb 
ridges and grooves leads to the same conclusion 

Not only did these collisions which shaped the lmportant features of the Moon 
occur at the terminal stage of the Moon’s formation. but the entire process stopped 
very suddenly and completely This short time would not be inconsistent with 
NOLKES suggestion that the satellites were the product of the separation of the Earth 
and Moon, but this raises the whole question of whether this separation was physically 
possible 

JEFFREYS” thinks that all these satellites could not have been swept up None 
ire present is satellites of the Karth \lercury. or Venus though \I is retaimms two ot 
these objec tS as Its present moons It seems probable to me that these satellites 
dissipated their energy as heat in a low density gas envelope. An indication of the 
presence of gas is found in the irregularity of the rays of Copernicus. Also, the com 
plete absence of rays from vers pertect ind thus late craters. eq. Theophilus, may 
indicate somewhat higher density OI gas at a O | earlier date than at which 


Copernicus was formed. The order of events may well have been the formation of 


the Theophilus, Copernicus, Kepler, and Tycho types of craters in this order, together 


with a decreasing densit\ Of gas envelopes and this in turn permitting the develop 
ment of progressively longer and more prominent ray systems. NOLKE postulates 
such a decreasing atmosphere and ascribes it to the decreasing gas density as the 
Moon moved away from the Earth. However, the present writer does not accept 
this hypothesis. The presence of the two moons of Mars argues against NOLKE’S 
suggestion that the satellites originated when the Moon broke away from the Earth. 
It may be argued that these collision phenomena are the result of a collision with a 
swarm of asteroidal-like bodies at some time. If the swarm extended over the entire 
region of the Earth-Moon system, then the events happened early in the history of 
the system for otherwise the veological record would show marked effects. as GILBER1 
observed. The presence of two objects of the kind we are discussing as moons of 
Mars indicate that the process was part of the evolution of the planets and not some 
incidental process. It is necessary to believe that what we see on the Moon or what 
ever other evidence we can secure relative to the history of the solar system is 
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id hoc incidental erratic processes if we are to hope 


hese phenomen i 


ONTINENTAL SHIELDS 


isostatic equilibrium ) and hence must be highly 


urrents such as those postulated in the Karth as the 


tinents and the formation of mountains ® cannot 


his case. It is of interest to ask if there are any 


ice Of the Moon which N ight COnCEeL bly have developed into 


it wostatic equilibrium ind convection could oceut 
is 1VOn nickel, iWon sulphide Ol the more dense 


{move downward into the interior of the planet 


Se $I 


ww ) 


ss-section of the Moon's surface through the 
s Mare Serenitatis, say from KEudoxus to Julius 
her elevations than the maria. as shown by 


is probably have a much less consolidated structure 


peen subjected to violent bombardment while the 
have solidified in an effective gravitational field 
\loon’s surface, the land areas would become consoli 
tion would then follow Fig. | (4). in which it is 
sition in the land and mare areas is the same. 
rocks near the surface and dunitic rocks at depth 
id iron sulphide at the bottom would be expected 


since there are dynamical reasons for believing that 


H 


a non-equilibrium elevation of its surface toward the Earth exists. It probably has 
been at sufficiently low temperatures so th ts internal strength is sufficient to 
sustain this non-equilibrium structure. But let us suppose that the Moon had been 
at a sufficiently high temperature to permit activity such as is found on the Earth 
i.e. the establishment of isostatic equilibrium and the sinking of large bodies of high 
density material to the interior. Then the situation depicted in Fig. | (¢), showing the 


dense materials moving downward, would occur and finally the situation shown in 


Nig, | (7) would be established In fact. the collision maria should become primitiy e 


continental areas 


The lava-flow maria (Oceanus Procellarum. Mare Tranquillitatus, and Mare 


Nubium are ¢ vidently not so deep Ls the COLLISION Marla and hence a lesser cle 


velop 
ment along similar lines would be expected in the case of these areas 

It is tempting to suggest that these are analogues of the terrestrial primitive col 
tinental shields. These bodies on the Earth a ‘ry large at the present time but th 


may have grown from rather small areas } la vanishingly small are 


uS 
ceological time by the additions of continental n isses on then peripheries 
they may have Crown In height in order to kee ve the w iters of the 
oceans’), Thus small continental shields h as these on the Moon would 


out of line with what ippears to be the de elopment ol the Karth S Surtace 


On the other hand, it is not at all obvious that ull planets regardless of SIze 


have the same identical development, but o1 that the same laws of nh 
chemistry are operative and that these produ imilar and physically relate 
Thus \lars seems to have no core ind no n Intam Wives while the Earth 


terrestrial planets have different densities at zero pressure and hence differes 


chemical compositions! ? \n import } lif nce between the Earth ind the Moon 


is the oreater energy Of accumulath it th terminal st we I he Karth namely 
21-7 times as oreat. Hence where loiten OS might be expected on the Vloon 
since the energy of accumulation is just more than sufficient to melt the 


{ Mcomimn 


material, only high energy explosions would be expected on the Earth! TI 


energy of such explosions would be partly dissipated in the itmosphere, which woul 


ua 
he much more highly mobile than condense ad phases und hence the rate of heat transtet! 
to the outside would be greater. Thus molten pools may have been present ¢ 


the Earth was completed, or in fact the entire Earth may have been molten as many 


rnot as 


have maintained. 


If the Earth was completely molten, the highest melting silicates namely, the 


olivines, would crystallize first and sink because they are more dense than molten 
silicates. and the surface materials would be enriched in silica. alumina. and the 
alkalies. At the end granitic-type rocks of the most acidic type would remain 
12 


und in 
very considerable amounts in fact very probably in greater amounts than exist 
in the surface regions of the Earth. The granitic residue would finally s lidify under 
a substantial water atmosphere and furnish the so-called sial crust and continents 
On the other hand, if no liquid Was present at the terminal stage then the continental 
bodies of the Karth have CrTOWN by subsequent p urtial melting ol the Earth's material 


There is certainly evidence for this last process which seems to be occurring both in 
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distribution of mass regardless of its distance from 


1 ecaleulate the distance at which the 


ilways had its present 

If we disregard this difficulty an 
of inertia, would be in equilibrium, we 
at twice the ROCHE 


secure 


its present moments 
If it is supposed that the Moon was formed 
\ spherical mass distribution, one wonders 
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its present nearl 


ents which formed a Moon 


the Moon are consistent with JEFFREYS 
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so very far from an equilibrium mass 
ie surface features I 
the distance at which the loon last vdyjust d itself to the hydrostatic 
rh I « in find no consistenth logical argument that ACS U ‘conclusion 
the Moon w ‘ver molten the laces©) extensive discussions 
during the evolution of 1 - terrestrial planets have 

perature processes are required at certain 


last hydrostatic adjustment 
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The Frequency of Meteorite Falls Throughout the Ages 


H. A. PANETH 
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SUMMARY 
Various lines of evidence indicate that the frequet f teorite falls has iried great 
time. It seems that glass meteorites fell on our Earth o1 luring the late Tertiarv and eat Ou 
that iron and stone meteorites did not fall before t} te Quaternary that centuri 
meteorites was a much more common phenomenon t { lay: and t LSor 
falls have become noticeably rare 


|. THe PROBLEM 


“We can only presume that a centle rain of meteorites has fallen regularly and 


s first sang togethet 


impartially upon the Earth since the morning sta 
When O. C. Farrinetron, the late Curator of Ge OZ in the Chicago N 
History Museum and well-known authority on meteorites, wrote these lines, he w 
e\ idently unaware of a highly significant fact which, decades earlier, the astronom« 
Olbers had noticed that there are no ‘fossil’ meteorites known. from any pe! 


| 


1 during the 


older than the middle of the Quaternary. The quantity of coal mine 
century amounted to many billions of tons, and with it about a thousand meteorites 
should have been dug out, if during the time the coal deposits were formed the 
meteorite frequency had been the same as it is to-day.+ Equally complete is the 
absence of meteorites in any other geologically old material that has been excavated 


+ if 


in the course of technical operations. It is impossible to assume that all the miners 
would have failed to report such an unusual find. For anyone interested in stones 
it is not difficult to recognize the peculias character of meteorites this has recent 
been proved by the magnificent results of H. H. NININGER’S « im paign ror meteorites 
in the middle west of the U.S.A After he had instructed the farmers that stones 
obstructing thei ploughing might be meteoritic, he succeeded in collecting me 
from nearly 300. different places in the states of Colorado. Kansas Nebraska 
\\ yoming, New Mexico. and Texas If it isso easy for farmers to unearth them fron 
the top layer of agricultural soil, whilst none have ever been found by miners 
one might conclude that they are absent from the deepel layers 

If during some periods no meteorites—-or at least far fewer meteorites tha 
to day were falling on our Earth. we may well ask if there have ever been times 
when the frequency of meteorite falls was greater than it is now. Seven vears ago 
ina Friday evening lecture delivered to the Royal Institution,§ I discussed facts which 
seemed to me to prove that in antiquity the fall of iron meteorites must have been a 
much commoner phenomenon than in recent times. Since then I have realized that 


this opinion had been expressed before, by G. F. ZIMMER in the course of his long and 


very valuable paper on “The Use of Meteoric lron by Primitive Man’ while some 
N | | | t ( | 
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is often been stated* that the similarity ot t 
implied the belief th 


Pi 


for st sidera 


the 


ils 


form of shooting stars Krom 


em to me to-day no longer tenable, 


our conclusion. A brief restatement 


YERATIONS 


he Greek word for ivon (sideros) and 
at the metal iron had come down to 


J. B. Skemp and Mr. N. E. 


otessc 1 


CoLLINGE. of the Department of Classics of the University of Durham, I learned that 


relationship between these two words is probable, or at least possible, but that the 
most likely semantic connection Is 
SWwid be hi 
¢ ot in bod he hot o1 OTe he bright 
widus 
le <14USs 
N ( ( I the celestl O if iron can b ferred from thi similarity of the V 
ras 1 
The ( eve f O ves in wl thie l iron does indicate a 
hes Koypt cua din Coptic. the word for 
! IPE) means "me trom 1 SK) TO} 1 formation | am indebted to 
the e Professor W. WRESZINSK of the Univers! of IK oshere the fact that the 
tribute 1! es ( ) se Ol vbou L500 But it a time when the 
Hit es re Ki tt ( | ro Tron suggests t he Interpret ton, nN 
t Hecal iVvisab 1) thre ( isize the source of real 
ete ic irol hi owing to its nickel cont d superior qualities. This 
knowledge. possessed by the Egyptians. of the celestial origin of Iron seems to 
ndicate it in ancient times 1 s of Iron trom the s a | not so extremely rarely 
yhbserved as the 1] y-c \t presel on the average ss than one fall per veal 
Ss] rted tron parts of rolobe and not sing rd exists of a fall of an iron 
meteorite Koyptian soil in historical times 
This argument ¢ be further strengthened by a consideration of the literal 
mi ng of the Sumeric word BAR foriron. According Professor V. CHRISTIAN, 
Member of the Austrian Academy of Sciences, to whom I am very grateful for this 
nfrormatiol this word Ss separated fron ne &§ a meteorite.+ The 
leg rer ll Assvriology of the University of Durhan J. W. Kixnnxter WILson, 
pointed out to me that both the Akkadian word andku and its Sumerian equivalent 
\N.NA indicated a connection with the sky. but that it did not stand for iron, but 
probably for tin This would seem to invalidate any conclusion as to an origin from 
the s however, Professor A. FALKENSTEIN of the University of Heidelberg kindly 
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provided the further information that also in the Sumerian language the metal in 
question must sometimes mean iron and not tin, for it is mentioned that oaths are 
delivered on daggers made of AN.NA, and that the metal of these daggers cannot 
have been tin, but was most probably meteoritic iron. This supports Professor 
CHRISTIAN'S interpretation. 

Although, therefore, the etymological considerations based on the Sumerian word 
for iron are not so clear, or universally accepted, as those of the Egyptian word, it 
seems that most of the experts are quite satisfied that also in that language the name 
of iron has a definite connection with the sky. ZIMMER certainly exaggerated whet 
he claimed that nearly all the ancient folk of culture ‘used in their appellation for 
iron such words which translate into metal or something hard from heaven’: but 
the two cases quoted appear to be well enough established to be used as arguments 


in favour of our conviction that in ancient times the celestial origin of iron was 


common knowledge. This cannot be understood if we assume that observed falls of 
iron were as rare then as they are now. 


} 


3. HISTORICAL CONSIDERATIONS 
Several scattered remarks in historical works lead to the same conclusion that 
many of the primitive peoples, who obtained their first iron implements by chipping 


pieces from blocks of iron meteorites, knew whence these blocks had come. Wher 
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after the conquest of Mexico, the Aztecs were asked by the Spaniards about the 
origin of the little iron they possessed, they pointed to the sky. * A Finnish saga 
relates that the milk shed from the breasts of aerial fairies upon the Earth, turned 
to iron, which later a smith found and took to his smithy.+ An inventory of a temple 
of the Hittite Empire which gives the geographical place of origin of their gold 


silver, bronze, and copper, describes iron only as “from the sky”. 


tf, STATISTICAL CONSIDERATIONS 


These and many similar instances seem to confirm a general knowledge of the fall 


of meteorites in antiquity: but for statistical purposes we need to know the exact 
dates of the falls. Our catalogues of fallsS go back to several centuries before Christ 
but the material extracted from the writings of Livy, PLiny the Elder, PLUTARCH 
and other chroniclers is much too scanty and ambiguous to allow of any decision as 
to whether falls have been more frequent in earlier days than they are to-day 
Fairly reliable statistics are available only for the last 150 years, after CHLADNI 
had made the study of meteorites respectable. From column 3 of Table | it appears 
that the number of meteorites falling within a decade has grown slightly between 
IS00 and 1939. This increase has, as far as | know, never been considered as actually 
proving any higher frequency of falls, but has been attributed to the increase in 
population, improvement of education, or better means of communication 


In the paper mentioned, I made the point that this reasoning is not only valid, 


but that according to the much more widespread interest in screntine phenomena 
* H. HENSOLD1 fmer. Geologist, 4, 28, 37 (1889 HENSOI | not give the origin of his informat 
ivallable to tl Aztecs but they did not know how to ext tt t pyrites Was used 1 rat t 
the eves of far is Tezcatlipoca mask No, 586 of t t te G ry Ex! 
ZIMMER it., p. 345 
G. A. WAINWRIGHT {ntiquity, 10, 5 (1936 
The most informative is still the one compiled by E. F. F. CHLADNI in his book Ueber Ff 
denselben herabgefallenen Massen (Wien, 1819 
W.M. FLINDERS PETRIE(./. [ron and Steel Inst., 94, 352, 1916 rol isly believes that LIVY 


falls within tiftv-one vears, which would indicate a very high trequency but many of LIVY’S storie 


nes or Volcanic eruptions, True meteorite showers are possil eported in Book 1, Chapter 31, and Book XXII, Chapt 


ind the efficient news service of our daily papers, one should expect the number 
reported meteorite falls to have risen much more steeply between 1800 and 1939. 
It is « xtremely ditticult to make a reasonable allowance fo these educational and 
technical factors. | attempted to obtain an Indieation of the increase to he expected, 
Dy a COMparison with the numbet ol asteroids (isco) ered during the same periods 
see column 2 of Table 1. This comparison is obviously open to serious objections 


because of the introduction into astronomy from 1891 on of photographic methods of 


detection Recently I have tried to evaluate the human factors in the statistics of 
meteorite falls in a different and, | hope, better founded way, by comparison with 
ybservations on ball lightning 

‘he two phenomena of meteorites und ball lightning have in their appearance 
much in common: so much. in fact. that in some of the olde reports 11 is difficult to 
distinguish between then In either case the element I prise often also of 
shock and danger, is present, and both occurrences are so rare that the observers are 
hardly ever trained scientists. so that we have to rely on the narratives of common 
OK 


l am well aware that the reality of the whole phenomenon of ball lightning Is 
doubted by some scientists. For this sceptical ittitude the authority of HUMPHREYS 
is a meteorologist is largely responsible; but anyone who takes the trouble to read 
the frequently quoted paper? in which to his own satisfaction he succeeded in 
explaining away all the reports of ball lightning. will hardly be impressed. If only 
one person has seen the phenomenon, he usually dismisses it as an optical illusion 
due to persistence of vision: if that simple interpretation does not seem to be 
applicable, he invents, without any support by the facts, stories like an owl flying at 
some distance, an owl which had spent the day in a decaying hollow tree and had 
thereby become luminous: or he fancies a piece of red hot iron having been melted 
by the impact of lightning, etc. The method used by Humpureys of freely re-editing 
from his desk the reports of eve-witnesses of a phenomenon he is determined not to 
believe, is ominously reminiscent of the arguments used by many eighteenth-century 
scientists, including LAvVoIsIER.~ who discounted all reports on meteorite falls; and 


1 


the reasons given by CHLADNI why such a procedure is wholly unjustifiable, holds 
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good here too: CHLADNI pointed out how extremely improbable it was that the 
reports of people in different parts of the world and in different times, who knew 
nothing of each other, should in all essentials be so similar. Amongst the stories 
dismissed by HUMPHREYS with very ill placed irony is one of a coachman who saw 
the fiery ball rolling against his buggy and was stunned by the explosion when the 
ball touched a wheel. Recently a very similar account appeared in the Daily Express 
(25th November, 1952) concerning a driver who, after having encountered such a 
dangerous ball, had, partly paralysed, been delivered to a northern hospital. 

Of course, some sifting of the reports is in this case as necessary as it was when 
CHLADNI collected every piece of information concerning meteorite falls. Such a 
critical survey has been made by Dr. W. Branp, who from some 600 accounts con 
sidered about 200 as trustworthy. I have made use of his book* to compile statistics 
of reports on ball lightning between 1800 and 1919: if several balls were observed 
during one thunderstorm, they have been counted as one, since we are not interested 
here in the number of balls appearing, but in that of reports about them. The 
figures obtained are to be seen in column 4 of Table 1. If it is assumed that the 
number of such balls occurring per decade has been essentially constant, then the big 
increase in the number of trustworthy reports must be ascribed to just those human 
factors which ought to affect the observations and reports on meteorites. If 
meteorite falls too had remained constant during the same period, one would expect 
i similar increase in the number of reports. It can be seen from a comparison of 
column 3 and 4 that this increase is far less marked in the case of meteorites, and 
from this fact I should like to draw the conclusion that the number of meteorite 
falls has become definitely rarer since L800 

It may even be possible to get a first very rough estimate of the actual decrease in 
their numbers. Between I800 and 1879 the ay erage number of reported cases of ball 


lightning per decade is 4:9: between ISSO and 1919 it is 41. an increase by 


of S°36. The average number of reported meteorite falls increased over the same 


interval only by a factor of 1-55. So it looks as though the frequency of meteorite 
falls since ISSO were only about a fifth of what it used to be in the beginning and 


middle of the nineteenth century. 


ASTRONOMICAL C'ONSIDERATIONS 


I do not expect that any astronomer, whatever his views about the origin of 


meteorites, will consider secular changes in the frequency of meteorite falls as in any 
way astonishing: we have only to remember how much the brilliance of periodic 
meteor showers varies. And if some meteoriticists—to use this American expression 

should still cling to FARRINGTON’S view. let them be reminded of the case of the 
“tektites” which we must consider as genuine meteorites.t No fall of any glass 
meteorite has ever been observed in historical times, but millions of them were 
scattered over whole continents in the late Tertiary or early Quaternary, 7.¢. at a 
period which preceded the fall of iron meteorites.f§ Apparently since then the 
Karth has completely ceased to intersect the orbit described by lass meteorites, and 
there is. as far as I can see, no astronomical reason which would conflict with the 


issumption that the probability of an encounter of the Earth with iron and stone 
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meteorites is also very variable in time. Moreover, recent experimental results make 


it appear quite possible that during the early history of the Earth there were no 


meteorites in existence. 

The result of our discussion is that glass meteorites fell on our Karth only during the 
late Tertiary and early Quaternary: that iron and stone meteorites did not fall before 
the late (uaternary: that centuries ago the fall of iron meteorites was a much more 
COMMON phe nomenon than to day and that even since 1800 meteorite falls seem to have 
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The Essential Nature of Accretion 
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1. INTRODUCTION 


] 


THE possible Importance of the accretion process In theoretical astronomy Is now 
widely appreciated wd the object ot the present article Will therefore he not to 


expound the theoretical] det ills Ot the process itself hut ratner ft yexplain its extreme 


generality ol application ind to show that in some form or other accretion must be 
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one of the principal factors determining the course of stellar evolution 


2.) EVOLUTION DIFFICULTIES 


The idea of accretion of mass Iy stars on a scale millionfold larger than had hitherto 
even been conjectured was developed to meet the extreme difficulties existing in 
the 1930’s not only in stellar evolution but in almost every branch of theoretical 
istrophysics. The confusion created by the conflicting treatments of JEANS and 
EK DDINGTON had verily produced i state of affairs in which theoretical astrophysics 
had become t he sick man of science. In JEANS works and Writings the possibility of 
addition Ot mass to stars Was entirely overlooked. it was not even referred to as a 
conceivable process though one not in fact involved. The tacit assumption now 
clearly seen to be underlying all JEANS’ investigations was that the Galaxy consisted 
solely of an assembly of stars—interstellar matter was of no consideration—and that 
any evolution of the stars themselves. or of the whole arrangement of stars. was due 
only to radiation of energy and dynamical interactions. To secure the former of these 


on a sufficient scale JEANS relied upon the necessarily speculative hypothesis of the 
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complete annihilation of matter, with a resulting release of energy In a 


the EINSTEIN relation, In this way a star was supposedly able to radiat 


high proportion of its mass, it being further assumed that the stars wer¢ 
old to have permitted this to occur at a rate consistent with their observed lumi 


nosities. In a similar way double-stars were supposed to evolve through this loss of 


mass plus the effect of encounters from close to wide separations The le 


of Lis years Was regarded as confirmed hy supposing the existing eccentricities also 


to have resulted from dynamical disturbances during encounters of 


me 


initial values corresponding to circular orbits produced by fission. The 


latter process was however entirely illusory, since JEANS’ views (1919 


this relied on his investigations of 1902, even though these were later (1916 
by him to contain a serious numerical error entirely reversing the original conclusio1 


as to stability. Nevertheless, even after he had recognized this error JEANS retaines 


his former description of the fission process un h inged., All in all the 


presented by JEANS rested on highly confused assumptions, and was one 


his contemporaries found it hard to extricate matters. EppINGTON 
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seems as far as ssible ime) have Ono ed the whole speculative fabric 
| ! 1g ! ! } lI 1 | ! 


rom 


omission from JEANS’ work was the comple te neglect to consider the source 


angular momentum of the massive stars postulated in his theories. A 
one appeared to have noticed this oversight, least of all JEANS himsell 


have had the fullest confidence in every detail of his overall picture 


Where EDDINGTON’S principal work was concerned—the internal constitutios 


the stars—his main interest lay in explaining the observed outflow of ene 
this led to his famous “‘mass-luminosity relation but which was in realit. 
seen to be a “‘mass luminosity radius relation Whatever may have 


limitations involved in EppINGTON’S presentation of this work, it 


importance for its influence on astronomy cannot be over-emphasized. Neverth 
it has to be remembered that the mass-luminosity relation is confirmed obse1 
tionally within reasonably narrow limits nd therefore for the purpose rf 
theory of stellar evolution, the theoretical derivation of the relation is « 


secondary interest. EDDINGTON’S estimate of the mportance of accretio 


stars, however. can be vathered trom the fact that In his hook ot ne 


investigation of the possibility is relegated to the last page but one 


summarily dismissed as negligible. EDDINGTON went on to conclude by 
two clouds obscured the theory of stellar evolution : first, the ipparent a 
the Opacity factor, and secondly the failure to reduce the behaviouw 
energy to any consistent scheme Che difficult of the ery bright 
appreciated as early is 1925, if not before was the problem pre 
co-existence of giants (mass 20@, say) and dwarts (1@) in the same 
KE DDINGTON’S view* that progress with the problem of stellar evolut 
settlement of the laws of release of subatomic energy was, at the time ane 
of it, unlikely to prove justified, for these laws when available coul 
expected to do more than confirm the already lable en pirical n 
relation. Naturally enough, when the Bernt law of energy genet 
available in 1938, the theory of stellar evolution did not advance 
the existing problems only seemed more inscrutable than ever 

As for the origin of the stars themselve LDDINGTON seems to | 


+ 


1j 


tremendo 


! 


} 


whi 


0) 


sutheciet 


; 
( 


Tibyive 


who SECT! 


heen 


The essential nature of accretion 


avoid this question as far as possible, and dealt with it merely by saying, ‘“Gravita- 
tion is the force drawing matter together, and as it gathers in more and more material 
tends to build globes of enormous size’. Both JEANS’ and EppINGTON’S ideas on 
these points seem to have had much in common with the apologues of Genesis—a 
hectic week of creation followed only by gradual minor changes at most. 
3. THE AGE-PROBLEM OF THE BRIGHT STARS 

To explain more fully the difficulty of the brightest stars: the argument was that 
even supposing that they were “born only yesterday ', their future ages could be but 

small fraction of the accepted age of the universe, and hence that such stars must 
be of recent origin. This last inference seemed impossible to accept. Table 1* gives 


some numerical instances: 


Tah l 
< | LO0° H is 
¢ H ned l 
Lal 
! } sent 
lo F e | 
2°8) m iplied 
( t 4 
\s the we ol the universe was considered even then to be at the very least 
| lO’ vears, the O and #B stars cannot have subsisted, in their present forms 


satisfying the mass-luminosity relation, since the early stages of the universe; or 
in view of modern considerations) of that part of it containing the known O and 6 
stars to which the estimate of 4 10” vears Is assumed to apply. If born at the 
beginning of things with their present masses they should have burnt out long ago. 

The simple inference is that they must therefore be comparatively recent forma 
tions, and hence that the process of formation of stars. or at least their increase in 
mass. must be one still occurring. or capable of occurring, in the universe. At the 
same time there is no difficulty in showing that there are the most cogent general 
srounds for the idea of increase of mass: these grounds are of such wide application 


4] 


that they can be developed ilmost independently of astronomical considerations. 


tf. (GEOMETRICAL ARGUMENT FOR ACCRETION 


First, we have a simple geometrical argument. Since the energy required for them to 
have an adequate age is not in the brightest stars. it must lie outside, and some process 
must operate to bring it in. If we assume a massive star entirely unaffected from 
without, obtaining its energy by conversion of hydrogen, and imagine time to run 
backward from the present instant, it is found that its mass will build up to infinity 
ina small fraction of the time that it would take for the hydrogen content to diminish 
by one-half with time running in the ordinary way. It follows that the star must 
therefore be affected from without, unless we are prepared to accept the far more 
difficult situation that stars of greater mass still existed a comparatively short time 
ago. This latter alternative would then involve explaining how such stars are formed 


instead of merely explaining the origin of the less massive known stars, 
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The only form in which energy can be brought into a star to be of any use in 
extending its age is as hydrogen. A stream of inward radiation, besides being uncon 
firmed observationally, would be no use. Nor would the addition of matter in the 
form of heavy elements help to prolong the life of a star, for the theory of stella 
structure shows that stars emit more rapidly per unit mass as the mean moleculat 
weight of the constituents increases. The only element that can effectively contribute 
to the stars’ energy supply is hydrogen. It follows from these considerations therefore 
that not only must interstellar space contain hydrogen in sufficient abundance, but 
that there must also exist some mechanism by which the stars gather in the hydrogen 
It is obviously likely, a priori, that these are not independent features, and the 
“sufficient abundance’ must depend directly on the process by which accretion occurs. 
KM DDINGTON arrived at the conclusion that the whole idea of accretion could be ignored 
because he based himself on a mistaken theory of the process which would have 


required an impossibly high interstellar density for any sensible effects to be possible 


5. ROLLE’s THEOREM AND THE RATE OF ACCRETION 


Hay ing established by these simple arguments that accretion of some kind must tal 


place we turn next to the question of the possible rate of accretion. Here ialh 


may be shown that considerations of a most general and inescapable nature can be 
advanced to settle now a lower limit to the possible rate of increase of mass. This can 


be shown by means of a certain theorem in pure mathematics, associated with the 


name of ROLLE, in which mathematicians feel the greatest of confidence. In essence, 


it is to the effect that if a continuous function /(.7) vanishes for x a and for a b, 
30 that f(a) = f(b) 0, then for some value of 2 between a and / the derivative of 
the function, f’(v), vanishes. The truth of this theorem can be seen intuitively by 
means of a geometrical illustration. In Fig. | (a) if the funetion vanishes at A and b 
then clearly somewhere in between the tangent must be horizontal. In just the same 
way, Fig. | (4), for any chord 4B of a continuous curve there must exist some point 
between A and B at which the tangent is parallel to A&. This result can also be 
established with full mathematical rigour as a simple consequence of ROLLE'S 
theorem and is sometimes referred to as the first mean-value theorem. 

Let us consider now the graph of the mass of a star against time. No star can have 
existed for ever, and we may conveniently take the origin of time as an instant Just 
before the galaxy came into existence. We may assume this to have been of the ordei 
of 4 10° years ago. At this instant the mass of the star may be taken as zero, while 
at the present time its mass may be taken as the known value, .W say. Then assuming 
that the mass of the star changes continuously during the period 7’ == 4 « 10° years, 
it follows from RoOLLE’s theorem that at some time during this interval the rate of 
increase of mass is at least equal to 1/7’. We see, moreover, that it must actually 
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exceed this value unless the rate remains equal to it through the whole life of the star. 

This argument is of extreme generality. It must hold for every object in the 
universe which does not change its mass discontinuously. It holds even for ourselves ! 
The only escape where the stars are concerned would be to assume that the whole 
mass was created instantaneously, and as far as I am aware no one has ever main 
tained or even suggested this.* It might be argued. on the lines of EDDINGTON’S 
views as to the initial early formation of the stars, that they may have been fotmed 
during the primeval state of the Galaxy, for example, in a short interval of amount 
T 100, say, and that thereafter the mass has remained sensibly constant apart from 
the negligible EppINnGTon accretion. But if we accept this, it simply implies an 
vccretion rate at that time of at least 100. 7’, that is one hundred times faster than 
the simple rate W 7, and the difficulty of postulating an adequate density and 
efficient process of accretion are still more accentuated. In other words, the /east 

ssible rate of accretion is VW 7’. 

Nor can it be argued that the star may have spent almost all its life in a highly 
distended state to which the mass luminosity relation does not apply and that it 
only contracted down to compact size recently. For it is easily found that a star of 
mass 15@, for instance, distended to have a radius of 1015 em so that is diameter would 
be comparable with interstellar distances, and unsupported by equilibrium gas 
pressure, would collapse down in a time of about 10° years. Even if it were initially 

times this size it would still require far less than LO° years to collapse down and 
become a stellar body. 

The argument from close massive double systems affords an even clearer disposal 

this possibility. For if we imagine their components distended to much lower 
det SIty, the two stars would soon merge into each other ind produce a state of affairs 
that certainly cannot undergo the reverse process of re-separation. Such systems 
‘ould not therefore have spent most of their existence in a form to which the mass 
luminosity relation does not apply, vet many such binary systems have high masses 
ind are extremely bright stars 

Accordingly it is not possible to avoid the conclusion that the time interval 7 
to be used in calculating the /east rate, WoT. must be practically the age of the galaxy, 
ind the mass VW the total mass of the star. 


Before proceeding we may pause to emphasize the extreme generality, simplicity, 
and therefore cogency, ol the present arguments. The fact that the energ\ cannot be 
in certain stars implies that it must be outside, and hence that it is resident in inter 
stellar space and in the form of hydrogen. Next, the minimum rate of addition can 
be calculated with the certainty that attaches to pure mathematics by means of a 
simple application of ROLLE’s theorem. All this follows inescapably unless we decline 
to admit the accepted principles of gravitation. physics, and pure mathematics. 
It is these simple considerations which give the accretion theory its strength. Even 
if it should be eventually found that the mechanism at present believed to be respon 
sible for the necessary accretion rate does not work, it would only mean that some 
other process of accretion must be operative, at any rate from time to time, to satisfy 
the requirements of ROLLE’s theorem. 

The minimum rate JW 7 would, of course, have to have been maintained throughout 
the life of the star. If, as now seems likely, the accretion takes place only from time 
to time when the star passes through a gas-cloud with sufficiently low relative speed, 
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then again the rate at such times must be greater to offset the intervals when little 
or no accretion occurs. 

Turning now to actual numerical values, suppose we consider a star of mass 15@, 
If we put J l5@ 3 10349 and take 7’ f 10° vears, then we easily find 
that in round figures 


M/T 3 lOl o per sec. ee 


This then is the lower limit to the rate of increase of mass of such a star that is 
needed, and in examining possible formulae for accretion rates we can compare them 


with this at each stage. 


6. POSSIBLE FORMULAE: DIMENSIONAL ARGUMENT 


Suppose now we have a star of mass JW and radius R, and let G denote the constant 
of gravitation. Let us suppose that this star is moving through a cloud of material 
(hydrogen) with velocity V, which we will regard as maintained constant relative to 
the general undisturbed part of the cloud (though there is the extra consideration, 
referred to below, that it might vary because of the attraction of the cloud itself on 
the star). Let it be supposed that the density of the cloud is uniform in its undis 
turbed parts at great distance from the star and equal to p. It may safely be assumed 
that the self-gravitation of the cloud can be neglected and hence that the quantity p 
can occur only to the first power: in other words, that if the density is sufficient fon 
any particular process to work the general nature of the motion is independent of the 


density. If further it is assumed that the accretion rate depends only on products of 


the parameters, then it is easily proved by a dimensional argument that all such 


formulae are of the form 


where f is a numerical factor. 

Inspection of this formula shows that there are only three reasonable cases, namely 
a 0,1, or 2. The possibility of a being negative is absurd since the rate would then 
vary inversely as some power of JJ and would become infinitely large for an infini 
tesimal mass. Similarly, values of 2 greater than 2 are ruled out, since these would 
imply infinitely great accretion for stars of vanishingly small radius irrespective of 
their mass. Finally, non-integer values are ruled out, unless we can imagine a physical 
process in which a dimension such as the radius R could be involved other than to 
an integer power. This leaves three possible formulae, and moreover it turns out not 


to be difficult to identify the physical processes involved in each of them. 
(1) 2 0. Thus 
dM . 
a 0 ; eo © 


Clearly this corresponds to the case when the star is assumed to exert no gravitat ion 
and simply picks up such material as its surface runs into. The effective cross-section 


of the star for this purpose is its central section, riz. 7R*, and so the constant fy 


If now we consider a star of mass 15@©, so that R=5 lOllem. and take 
p— 10 * o¢-em 3, then we find that 
dM dt 10% o-sec7! iene 


where v is the value of JV’ in kilometres per second. 
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to 3 LOli go per sec. The comple te neglect of the star's gravitation implied by this 
formula is evidently not permissible. 
1] t |. This leads to 
dM 


LGMR p | 


which with f, 27 is EDDINGTON’S formula. 


It corresponds to the case when the particles of the cloud move independently 
of each other (without collisions) in the star’s field, and the star captures every par 
ticle whose path actually intersects the surface of the star. It assumes also that the 
speed of the star Vis much less than the escape speed at its surface, which is certainly 

lid for any reasonable | For V/ l5@, | L0Pe em per sec, p lo-*" g-em™ 


is before. we tind 


aM dt 


lol») o-see7! ian eee 


The rate therefore fails by a factor of about 10°, and since Vand p are involved only 
inearly it is plain that no possible adjustment of them could bring the rate up to the 
required value It was for this reason, guided by the present formula, that EDDING 


POON dismissed wccretion as a negligible factor m determining the evolution of a star. 
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identifving an actual process leading to such a formula, we notice at once that it 


Is depend on a mechanism not 


oives a rate independent of R. and therefore m 
involving the size of the star, but only on its attractiot Before proceeding, however, 
it is easily found by giving any reasonable value to the constant f, that the resulting 
rate immediately assumes a value of the required order. Thus for fs tz. M live 


l= g7-cCm ” the formula Ves 


which, for moderately small values of + of a few kilometres per second, is of much the 


same order as the required rate given by (1 


7. PRINCIPAL ACCRETION MECHANISM 


The nature of the process leading to such a formula brings us to the mechanism of 
accretion that is believed to be of Importance astronomic lly If we consider FASCOUS 
material, of very low density p, streaming with velocity |’ past a star of mass JV, 
the gravitational action of the star will cause the material to converge towards the 
axial line directly behind the star defined by the direction of motion through the 
cloud. The motions of the elements of the cloud in directions perpendicular to this 
axis will be destroyed by collisions and the corresponding energy randomized. 
Whether or not all this part of the energy ceases to be available dynamically, it is 
plain that the remaining radial component will largely determine whether the 
material still has enough energy for escape. Thus, consider an element of volume of 


the cloud which initially moves in a line at perpendicular distance o from the axis 


Obvious!y no admissible adjustment of the density or velocity could bring this up 
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On the Production of Groups of O- and B-stars by Accretion 
W. H. McCrea 


1. INTRODUCTION 


\s1 SONOMERS are generally voreed that the observed () ind B stars Cannot have 


existed as such for more than a small fraction of the past lifetime oft the galaxy 
STRUVE, 1950 Also there is considerable ireement that these stars have reached 
their present state as a result of some comparatively recent process of condensation 
f interste ) ter. Where agreement has not vet been re hed is as to whether this 
process consists in the formation of fresh stellar bodies or in the accretion of fresh 
matel D\ very small proportion of already existing stars. The former view has 
been advanced, chiefly by AMBARTSUMIAN (1952) and his colleagues, though some of 
the ideas put forward by STRUVE and others have a similar trend. The latter view 
has been advanced chiefly by HOYLE (1950, 1952) on the basis of the accretion theory 
developed by LytrLeron, Bonpi and himself. There appears to be no crucial 
obse rvation that can vield an immediate decision between these views 

Phe explanation in terms of accretion has at any rate the advantage that this 
process must certaily take place Kssentially it is only the falling of material into 
star under gravity. The problem is to determine whether, under actually occurring 
conditions material Talis in ata rate sufficiently OT" it to produce the observed effects 


Were those conditions well enough known, it should be possible to compute the rates 


it which accretion is actually taking place ind to decide whether they account toi 
the existence of stars possessing the properties, and occurring in the numbers, 


required hy obsery 1On Howeve} in orde} tO Carry out hy ~ procedure directly if 
would be necessary to have more precise information than Is at present ivailable 


regarding the sizes rat nsities, temperatures, COM positions, motions, ef ol interstell il 


Owing to the wide limits of uncertainty in preset it knowledge of these quantities, 
we have to proceed in a rather less direct way. This is to examine as many as possible 


of the consequences of the accretion theory and to find whether. in the a regate, 


they vccord with observation for some sets of conditions within these limits of 
uncertainty If so, we might claim not only that the theory is icceptable but also 
he sets of conditions so obtained are an improvement upon previous estimates 
of the quantities concerned 

oe 


[he present work is one item in the programme thus indicated. Special interest 


has recently been taken in certain groups of O 
observational results obtained oueht to provide 
theoretical predictions. These predictions Will erive first and then 
with some of the published observations. Being only one item, this work 
expected to give definitive results but. so far ts goes, It appr irs to be 
favourable to the accretion theory 

The aim has been to make the present paper as self-contained 


ever, the work is a sequel to the author’s paper er) The Rate 


Matte by Stars to be referred to LS \ wna on r( } i} bye quoter 
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this is a rough way of allowing for the fact that other stars initially a little outside the 


cloud will move into it 

Let n be the total number of stars per unit volume. According to our assumption 
of a Maxwellian distribution, the number per unit volume having speeds between 
(’ and / dl’ is then 


(47 yall . exp / 1] / {/ » 
where We ( 6 
We have mentioned that (, W in our applications, and so exp U2) 
To a good approximation the number per unit olume in the range 0 to [ s therefore 
in y 7W) | U2dl Va7(U, WN 7 
Using (4), (7), our estimate of the number Ny of stars trapped by th oud 
iP n/y/m7) ¥ (U,/N 
\ mn 27r4*( Da 13) o.M, R® 1] ‘ 
Vy mn. G2(5z 15), R2|s W-3 a) 


where Wt is the mass of the whole cloud 


} 


The other quantity we need is the time /, f, required for any large increase of 
mass after a star has been trapped \ simple ipplication of Bonpbts formula oives 
as in A. equation (19), 


- 2 a3/oa'oM,.. matt 


In the isothermal case, x’ = 2-24 and 
“- RT if 


where ¥ is the gas-constant. Then ¢, is our estimate of the total time for the whol 
process, 
(3) Numerical values. We take values for the various parameters which appear to 
be plausible at least as regards orders of magnitude, but which at this stage are 
intended only as a basis for discussion. These values are given in (a), (b) of the table. 

The value of 7 is typical for the plane of the galaxy (W. BeckEr, 1950). The value 
of C may be somewhat low, but is of the correct order and gives a value of W that is 
convenient for discussion. The value of J/, is about the greatest mass of a single 
star that we have an appreciable chance of finding in the initial stellar distribution. 
We use it because the trapping and accretion effects are directly proportional to the 
initial mass and we are, of course, concerned with the stars most likely to experience 
these effects. In doing this, we should give these effects an undue advantage unless 
the larger initial masses are associated with the lower initial speeds; but this is what 
we expect to be the case. Besides, a not too wide binary will behave like a single star 
as regards the effects concerned. So our stars of mass J, may be supposed to include 
a proportion of binaries having components averaging one solar mass. 

Regarding the cloud, we recall that BATES and SpiITzeR (1951) have found good 


* Clearly a much more thorough-golng mathematica t t nt ) I Who situation ysuld tf formuiat 1 vere this 
considered to be worth while rhe very simple treatment here used should, howeve ive sufficiently good approximation for 
all that is needed in the present paper 
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The associated value R |) parsees is intended to signify a fairly extensive 
cloud. Much more extensive ones are known, but we do not want to render the value 
4 Wo impossibly large. SprrzeR and SCHWARZSCHILD (1951) estimate for a “typical 

ree cloud’ a mass 3 10? solar masses. Out value corresponding to what is meant 
o be an exceptional cloud is five times greater, which seems not unreasonable 

n order to lilustrate the effects of changing the parameters, we cive results for the 
case just described. for a cloud of the same size but one-fifth the density. and for one 
of the same mass (approximate but one-fifth the densit 

The temperature of 50° K is one commonly quoted for interstellar matter not in 
j Res he results of substituting 1 th torn tT paragrapl ”) the values 

1 tabulated below ie given In (¢ ! LDL 
Phe sig s used in the table to indicate assumed values and is used to 
( ed qual es. All the results wer culated from the assumed V 
es al thre entered to tw ( three significant Oures e. the Lpproximations l 
{ 
| IX 
( 0-5 0 ne 
y) 0 , : 
/ 120 1.000 
; 9 
Stars trapped 2 3 10 21 stars 
2-24 2.24 
Tray of 1-36 . ) 2-00) 107 years 
\ et t f t }-]4 ) ()-S 1-14 10° years 


are not cumulative. Since / depends upon (’, in (4), that equation was solved by 


successive approximation, using the expression for / in paper A, giving the mutually 


consistent pairs of values of (7), p as tabulated 


” 

The results can be summarized by saying that in the three examples considered, 
the cloud will contain two or three massive stars after 55 million years, ten massive 
stars after 17 million years, and twenty-one massive stars after 61 million years 
respectively. The formation of these stars will remove a scarcely significant fraction 


of the material from the cloud. 


y (FRO! PS Of} () AND B STARS 
(1) Observations. It is well known that massive stars show a tendenev to occur in 


groups which cannot be explained as being merely fortuitous. These groups include 
the ““O-associations’’ recognized by \MBARTSUMIAN (1952). Certain of them have 
been studied in detail by BLAAUW (1952). That to which he has given most attentio1 

the ¢ Persei group, contains some seventeen stars and has a diameter of about 
30 parsecs. AMBARTSUMIAN is prepared to recognize groups consisting of three or 
more stars and states that the diameters of the groups are between 30 and 200 parsecs 
From these and other indications it seems possible to assert that the orders of magni 

tude of the membership oj a group and of its extent when observed are ten stars and 
DO parsecs, respectively, with a considerable spread among actual cases. We have to 


sav “extent when observed’? because BLAAUW infers from the observations that an 


expansion of the group Is in progress in some of the cases he has investigated and he 


seems prepared to consider this to be a usual characteristic. 

The general association of massive stars with regions of the sky containing gas and 
dust is well-established (BAADE, 1952). According to the authors quoted, it seems 
moreover, that the observed Groups are usually found in the vicinity oO} notably extensive 
or “gigantic”: (AMBARTSUMIAN), nebulosities 

(2) Comparison o} theory and observation It now seems legitimate to claim that 
the theory discussed in the foregoing sections is capable of supplying a generally 
satisfactory account of groups of massive stars having the characteristics sum 
marized in section (1). For the moment we leave aside the question of the relative 
motions possessed. by the stars at the epoch of observation. 

Particular attention may be called to the second theoretical example. For, as 
already stated, we consider that we have to deal with exceptional conditions, and in 
that example the density of the cloud is high, but not impossibly so. The theoretical 
group that results consists of ten massive stars in a region of 20 parsecs diametet 
This seems to be surprisingly like the typical group as observed. 

The values of the various quantities that had to be assumed were not chosen 
deliberately to produce this result. Indeed, on account of the uncertainties in these 
quantities, besides their real variabilities, the numerical result obtained is at best 
somewhat accidental. We must therefore examine the way in which it depends upon 
the assumed values. Nevertheless, we must first remark that, since the results depend 
upon so many separately determined factors. it would be astonishing for them to be 
so like what is observed if their derivation is not correct in its main essentials. 

The concept on which we are working is that, under certain favourable condition 
interstellar clouds near the upper limit of such objects do produce by accretion the 
groups of massive stars known to observation. We have seen that. according to the 


theory, ina few examples systems quite like ty pical observed groups do in fact result. 


ver, it is clear from the formulae that, had we made the calculations for appre 


stars. And this, at any rate, is in agreement with observation, which shows fairly 
evidently that most encounters between stars and interstellar material do not produce 


tars. The important thing is now to satisfy ourselves that our examples are 


such st 


ot too tar trom the utmost that can be expected, 7.e. that othe possible values ot 


oreater effects 


the parameters will not give very much 

Looking at the expressions (8), (9) for Vy, we note that the individual factor to 
which .V, is most sensitive is I. It is then satisfactory to find that the apparently 
significant value of W is about 10 km per sec, since no known sets of stars show a 
value much smaller than this. Thus there is no risk of getting embarrassingly many 
massive stars as a consequence ot the Way In which N,, cle pends upon We, Also the 
wav in which it depends upon » is not likely to give trouble because, in the relevant 
parts of the galaxy, concentrations of stars averaging more than about one per cubic 
parsec apparently occur only in much smaller regions than those that concern us here. 

For a cloud of given mass Wt. it is seen from (9) that .V, increases with increasing 
R. Though the cloud in our second example is probably about as massive as is 
permissible, it might then appear that its effect could be much greater were it spread 


it this is where the consideration of (1) and (10) becomes 


through a irger volume. B 


pertinent Ko we expect SVsStems su 1 is we ire consicde ring not to persist for longvel 


han the order of one rotation oft the galaxy it the distance concerned. 7.e. about 

? lO’ years. According to ind (10), the lowest density at which the processes 

ad be completed in this time Is ibout LO-** o per cm unless the kinetic tempera 

ure is excessively low This means that an increase of R beyond about 30 parsecs 

the case of the value of iin this example, would not be effective in aiding the 

phenomena. All these considerations show that the factors to which V, is most 

sensitive are not likely to conspire to give values grossly in excess of those in out 
examples. Thus the theory does not explain too much 

Finally, there are some general points about the calculations. The assumptions 

of a Maxwellian velocity-distribution and of a spheri form for the cloud cannot be 


strictly applicable and must lead to some numerical error. Nevertheless, the depen 
t 


dence upon W and RF as measures of the mean speed of the stars and the linear extent 


f the cloud must be dimensionally correct. Also, it is to be noticed that we have 


j 


( 
treated the processes associated with a particular cloud as starting at a more or less 
definite epoch. But this is part of our hypothesis: if the results as a whole agree 
satisfactorily with observation, this feature must be considered to gain justification 
along with the rest. 

3) Motions. As already remarked, the cloud to which the theory is applied may 
be a cloud-complex whose parts have some relative motions. The proper interpreta 
tion of the work is then that each of the resulting massive stars Is at rest relative to 
the portion of cloud in which it was trapped. but that the different members of the 
group may have some non-zero relative motions. But on general grounds, we should 


and a. 


expect these not to be of a larg r order than the other slonificant speeds, U 


0 
which are about | km per sec, at any rate for systems to which the calculations apply 
without serious modification. The inevitable tendency of these and any subsequently 
acquired peculiar motions will be to give the group the appearance of being in a state 
of expansion if it is observed some time after its formation. 


This is qu litatively what BLaauw finds in the cases he has studied, But he 


ibly less massive or extensive clouds, we should have found no production of massive 
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obtains for the C Persei group a speed of expansion of 12 km per sec, which is much 
larger than we should expect. However, although for a different reason, BLAAUW 
himself makes the suggestion that perhaps the stars “‘were formed in more or less 
separated groups’. If we apply the foregoing ideas to these sub-groups separately 
then there is no difficulty. In the case of the group near o Persei, omitting two stars 
that he regards as probably foreground stars, BLAAUW Says that the dispersion ol 
proper motions “can be explained entirely as due to errors of the measures For the 
Scorpio-Centaurus group, he infers a mean initial speed of expansion of 0-7 km pet 
sec. So far as the evidence goes, we may therefore claim that the motions of actual 


groups are not such as to invalidate the present theory of their origin. 


5. CONCLUSION 


We have now investigated some of the details of the way in which 
regarding the formation of massive stars may be realized and we 
apparently satisfactory explanation of the fact that such stars frequently 


eroups. ‘To show that the theory can account for the existence of these @ 
| 


not be a particularly important advance in itself. But it is of some importance 


disposes of the need for any othe explanat on It is : Ol Importance i is 


appears to do, it provides information about the conditions under which signifi 
accretion actually takes place. 
Having got this information, the most obvious and important next step w 

see if the theory correctly predicts the total number of massive stars existing the 
galaxy at the present epoch (within, of course, some reasonable degree of approxi 
mation). This would be the best single test of the accretion theory ut two other 
important tests should be mentioned. It is necessary to determine why accretior 
ceases when stars have reached certain masses. lso, and this is a question that has 
been mentioned more than once by HoyLe, it is necessary to determine the effect 
upon the accretion process of any angular momentum, relative to the accreting 


possessed by the neighbouring interstellar material 
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The Effect of Galactic Rotation on Accretion by Main Sequence Stars 
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SUMMARY 
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1. INTRODUCTION 


THE accretion of interstellar matter by stars has so far been considered for the case 
where material at large distances from the star has uniform density and uniform 
rectilineal velocity v relative to the star. The problem has been discussed in detail 
Bonpti and Hoyte, 1944) on the further simplifving issumMption that the radiating 
power of the interstellar material is sufficient for it to remain at a low temperature 
throughout the accretion process. It has been shown that all material with initial 
line of motion passing the star at distance less than a certain critical value is captured 
by the star. This “capture radius” in the steady state was found to be of the order 
of but slightly less than 2G.M//v?, where VW is the mass of the star, v the magnitude 
of the velocity vector v. and G the constant of gravitation On these assumptions 
in element of material moves round the star in a hyperbolic orbit with constant 
angular momentum until it collides with other elements in the vicinity of the 
accretion axis (the line through the stan parallel to v). Collisions average the angular 
momenta of the different elements of material, and since by symmetry the average 
angular momentum of the material vanishes, it follows that a state of zero angular 
momentum on the accretion axis Is produced und vccordingly atte! the collisions 


the accreted material falls along the accretion axis towards the star. 


2, THE EFFECT OF GALACTIC ROTATION 


When the material possesses an inherent initial velocity gradient (apart from the 
effect of the gravitational field of the star) an interesting modification occurs in the 
accretion process which is of practical importance because galactic rotation intro 
duces such a velocity gradient, with components of magnitude V7, where V is the 


orbital velocity about the galactic centre and r is the distance from the centre. In 
the neighbourhood of the Sun, for example, l/r is about 107! see~!, while in the main 
bodies of the nebulae M31 and M33 it is about 2 L0-' sec !. These results, which 
can probably be regarded as typical, are such that the resulting velocity change 
across a distance equal to the accretion capture radius is small compared with ¢. 
It is shown below that this circumstance leads to an important simplification. 

The changes produced by a velocity oradient may he discussed by considering 
two separate questions : 


(j Is there any appreciable change in the amount of material abstracted from the 
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interstellar matter; that is, in the amount of material remaining permanently within 
a distance less than the capture radius from the star ? 

(ii) Is there any alteration in the way captured material falls into the star 

The first question concerns the modification of the orbit of material before 
joins the column of gas along the accretion axis, while the second enquires into th 
modification of the motion of the column of gas which would otherwise move along 
the accretion axis. 

The first is readily answered, for the variation of velocity across the capture radius 


arising from the first order derivative of v is of order 
(magnitude of first derivatives of 5 capture radius 


and provided this velocity is small compared with + the modification in the accretion 
rate will be negligible. Even for stars of large capture radius and small » this cond 
tion is satisfied by a large margin. Thus for V/ LO®, vw | km per sec, and thi 
first derivatives of v of order 10-! sec~!, the ratio of (1) to v is less than 3 1 
For stars of smaller capture radius and larger + the ratio will evidently be still small 
Hence the answer to the first question is that galactic rotation leaves the early part 
of the accretion process effectively unaltered, so that the capture radius can be regarded 
as unchanged. 

The changes of importance arise in regard to the second question. The inherent 
velocity gradient gives the material a non-zero average angular momentum about the 
star proportional to curl v. The present discussion will be confined to the case 
where curl v is parallel to v. This means that the average angular momentum of the 
material is about the accretion axis, and consequently the axial symmetry of the 
problem is preserved. The discussion is thereby simplified without the essentia 
character of the problem being altered. It may be noted that if the first order deriva 
tives of v are wholly due to galactic rotation then curl v is perpendicular to the 
galactic plane, but if other internal motions occur within the interstellar matter 
(such as would be produced, for example, by a collisional encounter with diffuse inter 
nebular gas) then curl v will not in general be perpendicular to the galactic plane 
We shall also simplify the discussion by omitting the effect of the common motion 
of the star and gas about the galactic centre, which seems justified in view of ou 
lack of knowledge of the exact values of the first order derivatives of v (as opposed to 
the order of magnitude estimate oi 107! sec ~'), although in a fully quantitative 
treatment it would be necessary to include the common orbital velocity of star and gas 

Under these conditions an element of material follows a hyperbolic orbit about the 
star, but owing to the rotation about the accretion axis the orbits of different 
elements do not cut on the axis but pass within a small distance of it (that is, small 
compared with the capture radius). Thus although the system possesses cylindrical 
symmetry the motion is not confined to planes through the axis. Each element of 
material not only possesses an initial angular momentum about a line through the 
star perpendicular to the accretion axis (as in the case discussed in the Introduction) 
but also about the accretion axis itself. The collisions, taking place now in the 
vicinity of the axis, will average the angular momenta of the different elements 
colliding there, but while the average angular momentum perpendicular to the axis 
must vanish, the average about the accretion axis does not do so, and is of ordet 


(magnitude of first derivatives of v) (capture radius)? per unit mass, 


the special case where curl v vanishes. Since the derivatives are of 
raer iv sec}, this gives angular momentum pel unit mass of order 
tf. 10-4G?2M2/v4. 


fecause of this angular momentum the column of gas near the accretion axis must 
ibout it. Moreover at a given distance from the star the angular momentum 
must b- essentially constant from one element of material to another. For although 
elements of material joining the accretion column at different distances from the 
star must have initially different angular momenta about the axis, such differences 


ire not preserved by the material after it has been absorbed into the column. That 
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is, the accretion column acts as an averaging agency, and this means that material 
entering the star has practically uniform angular momentum per unit mass given by 


the ibove expression. Thus the rotational velocity about the accretion AXIS ol 
material entering the star must be of ordei 


10-842 M2 AR, regis 


where FP is the radius of the star, in order that it should possess the required angular 
momentum. 

If we confine attention to main sequence stars, for which # is roughly proportional 
to M*°, and measure ¢ in kilometres per second, then (2) can be written as 


100v-4(.M@©)*? km per sec. Peers (2 


Now stars that through accretion have increased their mass by a large factor must 
rotat with velocities at the surface comparable with (3), and this formula therefore 
approximately describes the way the rotational velocity of a star alters when the 
change of mass by accretion is large. The dependence of rotational velocity On Mass 
is shown in Fig. | for + l-5 km per sec and for +» = 3 km per sec. The marked 


difference between these two cases is due to the factor 74 in the denominator of (3). 
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3. THE BreHAviourR oF CapTURED MATreriIAL NEAR THE ACCRETING STAR 


Kor a sufficiently high value ot M the velocity 3 exceeds the velocity ot escape 


from the surface of the star, (2G.W) R) By means of the main sequency homology 
relation Ro M*° together with the value 617 km per sec for the Sun, this can 
be written 

617(M/e@ km per sec owe at 
which increases much more slowly with W than dos 2) The ratio of (3) to (4 
equal to unity when 

le t-Sp-t 5 

For 7 1-5 km per see (5) gives .V 19@ about, and for 7 3 km per sec it gives 
M POH about. The upper limits to the curves of Kio | were taken to correspond 


with these values. 


The Important question arises therefore whether material can continue to fall into 


the star when M exceeds the value given by ) Phat it Cannot do so is made Cle 
by the following reductio ad absurdium irgument Thus. if it Is supposed that accreted 
material continues to fall into the star whet a ippreciably exceeds (4) then we 


must have 
average rotational speed of material ente ring stal 2GM/R 


which would mean that the average kinetic energy per unit mass of material entering 
the Stal would have to exceed GM R COnsidel bly But this IS not possible her LuSe 
the average kinetic energy per unit mass ¢¢ rtainly cannot exceed (0-57 GM R), 
which cannot exceed GW R by an appreciable margin, since +? 2GM/R. We thus 
reach a contradiction, from which it is clear that the captured material cannot fall 
into the star when (3) much exceeds (4). (This condition is probably unnecessarily 
severe as it is likely that the rate of accretion would already be substantially dim 
nished when the rotational velocity of the material exceeded the circular velocity at 
the surface.) It may be noted that the procedure of using the average angular 
momentum Is justified by the homogeneous character of the incoming column of 
material surrounding the accretion axis. 

The above argument shows that while the presence of the first derivatives of ¥ 
has no appreciable effect on the rate of accretion, it can have an important effect 
on the motion of the column of gas as it moves towards the star, and in extreme 
cases can lead to material not falling into the star at all. It is to be noticed that such 
material cannot move outwards from the star and return to distances of the order of 
the capture radius because of collisions that occur with further incoming material 
These collisions must occur because the practically parabolic orbit in which the 
material would otherwise move has its axis in the accretion column. But these 
collisions, though preventing outward motions from arising, do not affect the total 
angular momentum about the accretion axis, and consequently cannot result in the 
material eventually falling into the star. Thus such material must come to form a 
cloud rotating about the star and of dimensions the same order as, but greater than 
the radius of the star. The qualitative properties of this cloud will next be briefly 
discussed. 

Once a rotating cloud forms around a star, further accretion will increase the 
density within the cloud (v is assumed constant), and this increases the rate of 


absorption by the cloud of radiation emitted from the surface of the star. A stage 


must occur at which the cloud becomes sufficiently opaque for the rate of absorption 
of radiation to exceed the rate at which kinetic energy is supplied by the infall of 
further accreted material (the rate of supply of kinetic energy is appreciably less than 
the luminosity of the star in all cases of interest here). When this stage is reached 
the supply of kinetic energy by accretion no longer appreciably affects the tempera 
ture of the cloud, which must therefore have a value comparable with the surface 
temperature of the star. This result is important because it means that the thermal 
energy of the material in the rotating cloud becomes small compared with the 
rotational energy, and it is known that in this case the gas pressure within the cloud 
is so low that a disk structure must be formed with the plane of the disk perpendicular 
to the axis of rotation. This rotating disk will be largely composed of hydrogen, 
since this forms the main component of the interstellar material. It is suggested that 
the present process explains the formation of the rotating rings of hydrogen observed 


to surround the B-stars 


$. THe Upper Limit or Mass FoR AN ACCRETING STAR 


he relation (5) gives an upper limit to the mass that can be attained by a stat 
having a given value of When this limit is reached further accretion does not 
idd material to the star itself. but forms a rotating cloud about the star. as described 
ibove. Two important requirements must be satisfied if a star is to attain its uppet 


The accretion rate must be sufficiently large for the upper limit to be reached 


na time less than the age of the universe. From the accretion formula 

dM tor? V2, 

df r 
where is the density of interstellar material at large distances from the star), it 
in be shown that where ,; 10>" o per em® a star of initial mass 1© will attain its 
upper limit in a time less than 10! years if 7 1-5 km per sec, but will not do so if 

3km per sec. On the other hand, if , 10-2! o per cm? all stars of initial 

mass 1© with ¢ 3km per sec will attain their upper limits in a time less than 


(19 vears. It is therefore seen that for a given value of + this requirement depends 
on the value assigned TO ¢—. 


ii) The mass « 


f hydrogen transmuted in a star under equilibrium conditions is 
1-4.10° 197 go. per sec, where L is the luminosity in ergs per second. For the star 
to remain in equilibrium during the accretion process it is necessary that the supply 
Ol hvdrogen within the star shall not become exhausted by transmutation to helium. 
When M exceeds 5@ the value of L hecomes so large that this ¢ mdition cannot be 
maintained for more than about 10% years unless the accretion rate exceeds 


4.10127 g, per sec. This requires 


which is a more severe condition than (i). It can be shown that when p 10-2! 


per cm? and 7 1-5 km per sec, (6) is satisfied for all values of .W up to the critical 

lue of about 19©, at which the external rotating cloud is formed round the star. 
But condition (6) is violated when + 3 km per sec long before the upper limit is 
ittained. Thus when p 1Q-*! o, pel em® and 7 3 km per sec, the two sides of 


6) become equal for .W close to 6®. The point A on the line + 3 km per see in 
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Kig. ] corresponds to M He and shows that In) this case (6) Is ho longer satisfied 
when the rotational velocity of the star is about 14 km per sec. The present remarks 
are based on values of L taken from a discussion by Kt [PER (1938) of the empirical 


mass-luminosity relation. 


The importance of condition (6) is that the star eventually enters a collapsing 
phase when the internal supply of hydrogen becomes exhausted. The subsequent 
evolution of such stars has been considered in a recent paper on the synthesis of 
heavy elements from hydrogen (HOYLE, 1946). Since the accreted material no longer 
falls into the star, the available supply of hydrogen within the star must quickly be 
exhausted because of the high luminosity. The situation is therefore that accretion 
can only postpone and cannot prevent the eventual exhaustion of the hydrogen in 
highly luminous stars. There is, however, a marked difference, according to the 
value of v, in the rotational velocity at the surface of the star at the time the hydrogen 


becomes exhausted. This is seen by ipplving p 1Q-?1 g, per cm? to the cases 
rb 1-5 km pel see and + 3 km per sec We have seen that in the former case the 
star attains an upper limit of about 19®. The line for + |-5 km per sec in Fig 

GIVeS a rotational velocity of about LOOO km per sec when this Stage IS reached On 
the other hand, for +7 3 km per sec the hydrogen becomes exhausted whet 
M 6@ about. and the rotational velocity is then only tbout 14 km per sec lt 


follows therefore that the initial rotational velocity of a collapsing star depends very 
sensitively on +. Indeed a range of initial velocities from about 10 km per sec up to 
about LOOO km per see must occur, The effect of such a range of Spee ls has been dis 
cussed in connection with the difference between P ( vgn stars, Wolf-Ravet stat 
novae and supernovae. 

It is emphasized that the numerical values o1ven above are for main sequence 
stars. The discussion could however easily be extended to red-giants once the 
values of R to be used in (2) are specified. Because of their much greater radii it is 
evident that the rotational velocities for red-giants will be less than the values fo 


main sequence stars. 
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On the Origin of Double Stars 


V. A. AMBARTSUMIAN 


Observator \) U .S.S.R 
v | te il 
our studies of stellar associations we concluded that the formation of stars is 
going on in the present state of our Galaxy. The expansion of newly arising groups 


if stars, suggested by this theory. was confirmed by BLAAUW and other astronomers. 


is obvious now that stars are. as a rule. origimating | 


) groups and within compara 


vely small volumes. It is ot extreme interest TO discuss the origin of double stars in 


l 


the ht of new facts. relating to the group formation of stars 


Phe astronomy of double stars presents an inexhaustible store of observational 
ts. The majority of these will undoubtedly be utilized in future in order to develop 


1] 
| 


detailed theory of the origin of double stars. We shall mention here the following V7 


\s has been shown by us. there is no dissociative equilibrium in the Galaxy 


petweel double wnd STO te STars \MBARTSI VIAN Qi The number ot double 


stars is too large in comparison with the number that we should expect in the 
case of dissociative equilibrium The number of double stars with semi-axes 


of orbits between LOO and 1000 astronomical units is about LO5-times larger than it 
should be for dissociative equilibrium (AMBARTSUMIAN, 1947 


Z The ingular momenta ol double Stars about their centres Of gravity are ex 


treme 1\ lara They lie in the interval between values close to the ingul iy momenta 
of stars with extremely high rotational velocity (close pairs) and values exceeding 
1000 times the value of these wngul iu momenta (wide palrs 

3 There IS ho sharp difference bet ween close and wide Palrs LS long as the 
division of the double stars into visual and spectroscopic binaries is caused by the 
method of observation only. A future theory of the origin of double stars should, 


therefore. expl Lin both the wide und the close pairs 


The first of the above-mentioned facts refutes the suggestion concerning the origin 
of double stars (at least of those double stars that we observe) as a result of capture 
in the galactic stellar field. We mention here only such captures which could take 
place al triple encounters. \s soon as. by virtue of the process ot capture, the 
percentage of double stars reaches the value predicted by the theory of dissociative 
equilibrium, no further increase should take place. because the number of pairs 
originating asa result ot the capture should be equal ice) the number ot pairs which 
are being dissolved as a result of opposite processes encounters of a pail with a 
field sta1 

The second and the third facts refute the suggestions of the origin of double stars 


170s 


as a result ot fission fay individual st CO) lance with the law of conservation 
hypothesis cannot exceed the angular 


4] 
| 
! 


the momentum of a pall according to 
momentum of individual stars with extremely high velocities of rotation. This 
however, contradicts the large angular momenta of wide pairs 
Our conclusions conce) ning the incor tness of the hypothesis ot capture 
as otf the fission hy pothesis of an individua ire only valid as long 


! on tl de elopment oft a double 


disregard the effect of external influence 


course of its life after the time of origin 


Vlentioning external disturbances Wwe mine two 
disturbances caused by approaching fiel influence 


medium, 
If disturbances caused by field sta a of thle stat 
very large, they might be expected o dissociative equilibriun 
The observed strong deviation librium, however, point 
to the insignificant role of such : ° in the case of pairs 
large orbital semi-axis up to LO,000 units. Such causes could ther 


blishment » DSe! ed 


fore hardly play anv essential 


distribution of the me@ulat momentun orbit 


The influence of external factors c 


distances over 2O.000 astronomieal 1 


essential part in) the istronom Ot double 
Uh medium was studied b 


The influence of accretion from 
Hoye. It should 


which wide pairs 


hit In Consequence ¢ 


should pecony 


massive. It might ‘stars are formed. to beg 
as extremely wide pairs as with major semi-axes « 
of 10° astronomical units owing to accretion 
pairs having no time to be cde » of neighbouring 

Obsery ions show that there t he following structure 
| 


the massive main stat ind at a the latter. rotates a clos 


star consisting of two satellites of \n ex im ple of sucha triple st 
be  Orionis. It follows, from the pe w of the accretion theory 
Stal I) LWWIneg greatly Increased { : ( ould not bring its faint 


nearer while the faint satellites could 
masses. 


existence ot more 


In this case it is also rather difficul 
pair's consisting of dwarts. 
We should, thus, reject altogether the hy 


SIS OF capture as a result of occasiona 
triple encounters in the galactic stellar fiele lso the fission hypothesis of individual 
stars. The only possible conclusion Is to al 1 common origin of the components 
ota double star from the pre stellar state of matter. Such a conclusion agrees Well 
f stars. One should admit that when 


with the assumption of the group-formation 


stars in associations are originating in GTOUDS double stars are formed as well 


The following facts point in favour ot the above mi ntioned view (1) we observe 
in associations of hot giants (O-associations) a considerable number of both wide and 
Stars 1s also oreat 2?) we obser ve 


close pairs (the number of triple and mi 


among the members of T-associations an unusu lly high percentage of visual pairs 


{ 


It thus seems quite probable that some stars originate during the formation of 


stellar groups as pairs, triplets, quartets, efc. 


Can we develop this supposition in greater details just at the present time’ We 


believe that a furthe investigation of stellar associations will permit us to do so In 


the immediate future. 
There exists, however, one circumstance to which attention should be paid even 
il present, and which we considel tO be ot the utmost significance. 


In some stellar associations we observe multiple systems of the Trapezium Orionis 
| 


type. Systems of this type are multiple stars, such that in them we can distinguish at 


least three components Ww ith distances between them of the same order of magnitude. 


I suggested, in conjunction with MARKARJAN, that a considerable part of the Trapezium 


ty pe systems might DOSSeSS positive energies. This means that such systems should 
dissociate directly. It was shown by PARENAGO (1953) that observations of the 
Trapezium carried out during more than 100 years demonstrated that its 


positive. Thus some multiple stars originate In associations as 


‘ms with positive energie 


CESS OT double WSOCTATIONS allows us To suppose that some such 


te before they leave the association. If so. and if the ordinary double 


the galactic field originate iation. then the following 
there originate in a lations, besides pairs with 
ive energie s with positive energies 
VICH IT the h negative energies, 


| \ ars of the main 


Orainal 
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On the Evolution of Stellar Systems 


BERTIL LINDBLAD 


Ims Observatorium., Nalt had 


examined e result rom a previo 


eloped into a dynamical theory of the 


ade between i heoretical distribut 


| barred spirals 


|. THE FORMATION B-SYSTEMS 


THEORIES of stellar evolution must be Intimately connected with ideas concerning 
the evolution of stellar systems. The existence in our galaxy of sub-systems, it 
which the individuals have different physical properties, and which have different 
degrees of flattening towards the galactic plane ind different mean speeds of rotation 
is a fact of great import ince here. It speaks in favour of the opinion that the stars 
were created in the present system after it had icquired some degree ol reoul rity 
and, moreover, that the process of condensation by which the stars and the intet 
stellar dust have formed out of a primordial gas has probably occurred in a great 
number of successive stages. 

This process of condensation will necessarily mean an increase in the general 
degree of flattening of the system. It has been shown that in the case of systems ol 
high angular momentum this process may lead to dynamical instability and the 
development of spiral structure (LINDBLAD and LANGEBARTEL, 1953). 

In a system which we suppose to consist of gas, small solid particles, and stars we 
introduce a co-ordinate system w, y, 2 with the centre of gravity as origin and with 
the invariable plane (7.e. the plane of maximum sum of areal velocities about the 
origin) as wy plane. The co-ordinate S\ stem rotates about the z-axis with oul ul 
speed om. Let AL, Y, Zz) be the density, and the vector », with components u, VU, W 
the mean motion of all particles, Le, VAs molecules. solid particles, and Stars, at the 
point w, y, 2. The motion of an individual particle relative to the mean motion 


“uw. v. wis assumed to be UV. W. Let further Il denote the dispersion tensol 
pU? 
pUvV, | 
pUW, pVW, pi? | 


and A the sum of the external forces acting on an element of unit mass. The dynamical 


equation of motion may then be written 


eoordinate 


we may write 
This gives 


. 
PO 


As we may suppose ~ to be ot the same sion between 2 . we ) define } 


mean value @ as follows 


Kquation (13) then gives 


As d d will decrease towards zero with increasing z. we have 


) fol 


The temperature will thus decrease to zero the surtace’’ of the svsten ilthou 
it may still be very high in the internal regions 


Considering now the possible condensation of turbulence elements of the com 
pressive gas into stars, in the way suggested by von W EIZSACKER (1951) it seems that 
there should be an optimum for this process 1n the regions of low temperature close 


to the “surface” and that the process is likely to proceed with time from the oute1 
1] 


regions inwards. In the original state the high temperature of the inner regions wil 


effectively counteract the formation as well as the process of contraction of individual 


clouds. The successive cooling of the gas by radiation will run parallel with a reces 
sion of the optimum region following a contraction of the effective surface’ of the gas 
for the formation of fine sol 


Asa very high temperature will be prohibitive 
| 


orains. it seems natural to assume that this proce f condensation will 


occur in the outer regions of the primitive system 
Aften a contracting small cloud has be n formed as a separate unit it will ho 
oradient but will perform an oscillatory motion 


longer be supported by the pressure 
[It is evident that this 


through the inner regions and across the equatorial plane. 
process will mean a very appreciable increase in the degree of flattening of the system 
towards this plane. In this process there will he 1 orowth by accretion of mass in the 
internal regions. However. stars born at great distances from the equatorial plane 
will on the average preserve a considerable dispersion in velocity and would form a 


sub-system of comparably low degree of flattening. On the whole the series of sub 
systems of increasing dispersion from the equatorial plane should represent a series 


of increasing age of the individuals. 
(JUASI-SPHEROIDAL STELLAR SYSTEMS 


We may now consider in a general way the dynamics of a stellar system, 7.e. a 


system in which the condensation of gas into stars and dust has proceeded very far, 


so that the remaining gas is mainly concentrated towards the regions about the 
) 


equatorial plane. We apply our fundamental equations (2) and (3) after some 


noothing 


the system. + he remaining ga 


pendent clouds which pursue their orbits in the same way as the 


is. With se 


sisting of in 


I 


hy side with the stars. 


of the frequency function by considering elements of volume sufficiently 


}contain a great number of stars, but small in comparison with the dimensions 
s will be highly turbulent and we may picture it as 


'pproxim ition we may therefore treat these clouds as “particles” 


ihe equation Tol the motion 1n the CO ordinate may now he written simply 

\ 9 .e 

: 0 . (16) 
= Own 
LA 1) 1? ¢ aiily n the Same way is above 

ee Ga 

nh shows tl ! ste systel he col nent of the velocity dispersion parallel 

| INIS a ? ) ST (lé ( “if » Zero at oreat dist Ces trom the equatorial 


\ si lecrease of the elo dispersion will occur for er it distances from the 
, , e ¢ plane t the syvsten We mav trv to approximate the varia 
} he Lisp e } ) | ~ ( or ty) hie ( y} 
(| veg wee 
S eff ( systel nd he velocity disper 
f ey DOS Syste ( I tion holds a 
ste svste . | S se of such a system 
if S e 1 () ! He ( nstant # IBLAD und LANGI 
153 14 ke ( f e | sid thie Mass vlinder parallel 
( ~ ( ~f ( rié \¢ ( 
1 
@ ‘ ( 7 S 1s 1 fol ynNogeneous spheroid Wi may call this 
sj-sphe state s] d bee rasized th he. ter contained in the 
I eus IS ONIV Dp epresente 1! ak LIStrib } +] The existence 
dition ear mass is thus understood. It is also understood that there 
h) n) ¢ er region in the eq 1) OUTSICE tT the effective timit where 
1 leer ise rapid with MNcreaslIng distance fro} 1)¢ ¢ tre 
The decreasin dispersion of the frequency function of the residual velocities 
| I} in the outer regions is likel n n that the frequet of stars following 
ilar orbits increases very much in these regions 
s of some interest to compare the ““quasi-spheroidal” system with the conditions 
ng in a homogeneous spheroid of constant densi 
r the homogeneous system of density ind internal pressure p we have, if 
v2 * / 
the gravitational pote | 
orad orad 32 (20) 
I’ () 
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where (2. is the constant value of 2 on the surface. For the central pressure we then 
have 


if (, 


is the potential in the centre. We derive easily for the equator! ul plane 


where m. is the angulai velocity of the circular orbits. This gives 


p 
( () ai 22 
p 
In the stellai system we have, instead of (20 
| O Dect" Q) 
4 ‘ 
Po Ou ! 
Poke S2 
BY! 
~ . Zo 
Po 4 Y 
| 5 
| 4 Po, G2 
5 
ba < 
We detine here 
O=2 | w2rd D4 


where m is chosen such that «) C1VeS the mean motion at the distance r+ from thy 
centre. 
The third equation gives, in the way described above, for the velocity dispersion 


at the centre 


4/0 


~~ py . ; 
where {2 dz | F. Az eee) 


The equation (25)isto be compared withe juation (21) for the homogeneous spheroids. 


Ve" is equivalent to ro and @. is replaced by (). The first two equations of (23) give 
P 
for p,(0 constant, and assuming that m, and m change slowly with 7, 
V 2a? (a 2 a 
and 
a" Low,” m*)(ae ry? (27) 


, , ; ue, p 
Comparison with (22) shows that in this case x? is equivalent to ~. We shall assume 


p 


here that 


system we can choose a corresponding homo 


iven quasi spheroidal stella 


uatorial radius a. in which 


eneous system ol the same eg 


i , 
ane 52 osloe) 
\ pies that he Q) {ol the spheroid is equal to 02, Tor the stellar system. 
We mav further arrange that m. is the same for t he two systems. These conditions : 
letermine the mass and the degree of flattening of the spheroid. It is then 
el bv (22) and (27 ipplied Tor 0. that the mean angulat speed of rotation 
i 
} ne eq rial pI imme should he the Same nl the TWO SVSTEeHIS 
In Table | the first five columns are alid for homogeneous spheroids 
s +f sS4 s 
XQ { S _ 
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t T ed il ne} sses of the two systems are the same wd Ww. VW Ldaition he average 
distance of the particles or elements of mass from the equatorial plane Is the same 
It we ssume Turther as an appl xximation for the decrease of density with 2 fora line 
parallel with the axis of rotation in the stellar systen 
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In the case of the stellar system we introduce as a proper measure of the mean 
density 


| py 
Po — Oe 
| Ad 
ro 
and then have 
| 
Po p- ere 
TV 2Z 


Using this relation we get immediately the values in the last column of Table | from 
the values in the fourth column. In the two last columns we have obtained the rela 
tion between two fundamental constants of a stellar system, the first one defining 
the degree of flattening, the other giving the ratio of the mean density and the mean 


angular speed of rotation. 


3. THE DEVELOPMENT OF BARRED SPIRALS 
The relation between the quantities in the two last columns of Table | is of importance 
for the development of a theory of /arge potential waves in a stellar system, which 
explains very directly the development of the barred type of spiral nebulae. The 


most important density waves are of the type 


i) ) 
i 
A | | ») 
Vo a 
where /, is the variation of mass in a cylinder of unit section with axis parallel to - 
It is of particularly great importance if ¢ may become complex, so that we may write 
I, ) 
6A tags (86 
Vo a 


where y is real. There will then be one wave which increases indefinitely in amplitude 


with time. The conditions for instability have been investigated in detail for the 


WAVES 1, 2, 3, and the results may be briefly summarized as follows. 

The case s | represents a simple asymmetry. This wave will possibly be unstable 
for a small interval of flattening about ca 0-23. 

The wave s 2 becomes unstable with increasing flattening at ca 0-21. 

The wave s 3 is unstable for c/a 0-18. 

The greatest interest attaches to the wave s 2. The density variation is accom 


panied by the development of four whorl motions. ‘Two of these whorls occur about 
density maxima which are situated on one and the same diameter, symmetrically 
with respect to the centre at the points ) 0-775a, and two occur about density 
minima. also at ? 0-775a, situated on a diameter which is nearly at right angles to 
the diameter through the maxima (LANGEBARTEL, 1951). The two maxima, together 
with the central condensation, give an immediate explanation of the phenomenon of 
the “bar”. That the observed bar actually contains two density maxima in about the 
position which has been deduced theoretically is corroborated by the appearance of 
the bar in a great many nebulae. It is very important from the theoretical point of 
view that the phenomenon includes the formation of two minima on a diametet 


1719 


nearly at right angles to the bar. This feature is apparent when examining typical 
nebulae of the barred type. 


In order to test the theory of the formation of the bar more thoroughly, the write1 


has carried out a photometric investigation of typical barred nebulae on plates 


3 a - . --— “+ , _——+ 

LUT 
+ 
| \ 

peti 

7 
4 

Or 

re 
£/U 7 
l > 
t} | ( 


obtained with the 60-in. and LOO-in. reflectors at the Mount Wilson Observatory. and 
ina few cases also with the 200-in. reflector on Mount Palomar in the Spring ind early 
Stimmer ot L950, The writel Is very much inde hted tO the Directo. ot the VIount 


Wilson and Palomar Observatories, Dr. [RA S. Bowen. as well as to Dr. Epwin 
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Kig. 4. The distribution of intensity a t bar in NGC 4643 


Huspsie, Dr. WALTER BAADE, and Dr. Mitton L. HUMASON for the opportunity to 
assemble this very valuable material. 

At present only a part of the photometric measurements have been reduced, and | 
shall give here only a few results for two typical nebulae, NGC 3351 and NGC 4643. 


Pictures of these nebulae are given in Fig. | and Fig. 2. Fig. 3 gives the variation of 


an intermediate region of NGC 3351 between 


1? 


of matter from which the spiral arms extend, 


the spiral structure The double sine-curve in 4 


the minima ire well indicated. It is 

as we do not 

with the radius 
vethnel 


la NGC 4643. The 


dominant feature 


we must have 

tend to reduce 

tor ) La 

ion about the maxima 

is sinusoidal. The devia 
| be expected when 


seen theretore to be } | mould 


all quantity. 


2°51 and NGC 4643 are the characteristic kind 


been discussed at length in the paper by LiInpBLAD and LANGEBARTEL 
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referred to above. There can be no doubt that the spiral structure is a direct con 


sequence of the disturbance due to the potent il field of the bar. It seems that this 


conclusion contains an essential part of what can be said with safety at the present 


time from the theoretical point of view about the development of spiral structure 


in the galaxies 


Cosmology 


1. THE SCALE OF THINGS IN PHYSICS 


Bic things and little things have an equal place in physics; the subject is not con 
fined to phenomena that occur on a certain seale The biggest things that one can 


investigate have been found to be about LO?’ times bigve) than the smallest Co which 


any significance is attributed. This isa very large range, and it forces one to take the 
oreatest care hefore making any ceneralization that is intended to apply in the whole 
realm of physics. 

Physical laws, one imagines, exist that apply on all scales: but the “laws” that are 
discovered as applying over a certain range need not be the ones. The precision ol 
measurement and observation is limited, and it is frequently found that a pheno 
menon is accounted for, with adequate precision by laws’ that exclude some whose 
applicability is not in doubt. but whose importance is confined to some other range of 


scales. For example, oravitation is thought of as apply ing to electrons: but it is not 


normally considered in connection with the collision of two electrons. 


under investigation now 


hat occur on a very small scale are 


lays. Frequently it can be shown how larger scale phenomena are merely conse 
lences—perhaps complicated ones—of the laws that have been found for the very 
There are apparent ly also physical 


small. But this is by no means always the case. 
fects Whose Importance Can only be seen when one investigates larger scale 
phenomena, as, for example, gravitation 
t the laws of physics are to be of universal validity, then the investigations cannot 
ve confined to any particular range of the available scales. It is an unwarranted 
Ss ption that when phenomena on a new scale come under investigation they show 
ettects that cou tnot. mn principle have been deduced beforehand. Whenever. for 
. e purpose or other, an assumption of that sort is made, it must be recognized as a 
Spe $s } ! und. if is within a speculative theory, then it must take a 
}) Mminent place nm the b il sheet of issumptions of that theory 
he gest scale phvsical effeet which has been closely investigated Is gravitation, 
s investigat has covered the range of scale from the small laboratory instru 
oie rsvstel ‘his is an intermediate range. being between LO! and 10?5 
re oo , he « } } if SIZ 1) 1 e pl S { the classical 
) ver la) ind 10 ! ! ce han thre hig 
. . H LES constal hie lius of the universe 
H Qi 937 
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result must fit into the theoretical treatment which provides what is generally called 
‘the explanation” 

When it is not possible to perform an experiment, and to demonstrate that its 
outcome is that predicted by the theory, it may still be possible to observe a time 
sequence of events, and to demonstrate that a the ry is able to make the correct 
forecasts. In principle this is quite the same: the observed pattern of events is 
found to be the consequence of some simple set of rules. The usefulness of the rules 
is then proved 1y the possibility of making correct forecasts. The inability to arrange 
an experiment and its variants will be merely a certain handicap in finding the suit 
able simple rules. The most striking example of this procedure was provided by 
Newton's dynamical and gravitational theory and the observations of the solar 
system. But cosmology cannot be investigated by those methods, for reasons which 
are logically of no import, but which are in practice fundamental: no changes can 
be seen or expected in the large scale structure of the universe in times that we can 
contemplate to bridge with observations. We can see velocity, but not change of 
position, nor change of velocity 

What use is there for a theory’ Should it merely fit observations together in a 
satisfying scheme, without being able to prove its usefulness by providing corre 
predictions 
‘ould do it would be worthless to science. If there 


If this were all that cosmology 
were rival schemes that fitted equally well. then the discussion would be foreve 
confined to the degree of intellectual satisfaction provided by each. 

\ theory commands the respect of scientists only if it delivers the goods in the 
sense of increasing knowledge: if it can give an answer that can subsequently be 
proved right to a question that could previously not have been answered. A mere 

satisfying scheme” is a matter for other disciplines, not science; even if its construc 
tion should require some of the mathematical tools developed for the sciences 

But it is possible to make verifiable predictions in cosmology Although we cannot 
contemplate checking predictions about the future course of evolution of the 


universe, we can make predictions ibout the results of observations that have not 


vet been mad \ theory that can do this is useful Yiscussion and work on it may 
centre around the verifiable predictions. Once a number of those have been shown 


1 1 


to be correct the probability may be \ ery high that the universe is Indeed an ex um ple 
of the logical scheme of the theory ind knowledge has then been gained Or. indeed 

prediction of the theory may clash with an observational fact, and the knowledge 
has then been vained that a certain logical scheme whatever its academic merits 
Is not the one a lopted by nature for the construction of her universe. <As in all othe 
f 


sciences. so also in cosmology: a theory has to be vulnerable if it is to be useful 


ite the invincibility of a theory is to demonstrate its defeat 


To demonst 


In ( mtempl iting the metho Is ot cosmologica ence one has however. CO settle 


one point where the scientine method evolve | rol the othe SCclences 1S cle wry 


inapplicable. This point concerns the uniqueness of the universe 


3. THe ACCIDENTAL AND THE INHERENT 

In all other ciences we make a distinction between the accidental facts and the 
inherent physic il laws that govern a situation \nd even where we do not possess the 
fev ilits of the repeatable experiment we do not doubt how this distinction must be 


drawn. We could say, for example, that if there were a planet at such and such a 
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und so long Wi have ho doubt 
ws that we use to make this statement have a wider applic 
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much reliance in the theory. But without the postulate of simplicity there would be 
no reason for trusting the theory with the two hypotheses any more. The omission 
ft any hypothesis would then be just as dubious a ste p as the insertion. 

The task of enumerating and defining the hypotheses in a cosmological theory ‘6 
perhaps harder than in other branches of phys CS It is ery difficult not to overlook 
the cases where in extrapolation of some physi il law trom our own minute seale to 
the scale of the universe might equally well have been made in some othe! way Wi 
are so dwarfish in the universe that our view of it must be very distorted 


] 


For the same reason it is also very hard to oid foolish judgments as to the 


likelihood” of our hypotheses being right. Our absurdly limited realm of experience 


l 


has given us some measure of physical intuition or insight which is highly valuable 
for problems on the same small scale. But we are apt to ascribe to this intuition a 
measure of generality which is far greater than the realm of experience from which 
it sprang We often think we can make intuitive idements on matters which have 


quite demonst1 bly hie ©] entered Into our expe ence 


There is hence no virtue in timidity in the choice of hypotheses Thev mav look 
drastic and offend our dwartish preconceptioi oO long as they do not offend an 
hypotheses 

, We should aim then, in COSMOLOGY t est ) vy a scheme that con plies wit 
known evidence and that predicts the answers of observations to come: and whos 
economy ol hypotheses IS SO great that it V1 14 ave most improbable for so 

simple a fitting scheme to exist by chance One wv ld thereby demonstrate sit 

LNeOUSTY { ikelthood Hoth for thre trut] Ot 1 plicity post ate ina if the 
heory 

5. Tue STEADY S HEOI 
It is the clain 1 the steady state theory o ( ding univers that it complies 
most closely with the desiderata outlined here (BoNpr and Gorp, 1948; Hoy 
1948, 1949 McCREA, 1950, 1953 SONDI, 1952 There are in that theory mat 

- meeting points with observatior some with observations that have already bee 

made and those have been in harmony mi th observations that have still to 
come, which will therefore assure the vulnerabilit nd usefulness of the theor 

The principal hypothesis in that theory is one concerning the structure, namely 
that the large scale structure of the universe does not undergo any secular change. 
Whatevel dependence the physical laws may have on the large seale structure of the 
universe ind unlike the dependence Ipon neal things this is not amenable to 
‘xperimental investigation, intuition or judgment), they will therefore not possess 
Wn secular changes themselves. It is hence not necessary to make the detailed and 


quite arbitrary assumptions about the changes or constancy of physical laws in a 
changing universe. We adopt here one drastic issumption some. of whose con 
sequences such as that matter is created at the present time rather than only in the 
past) may offend our preconceptions: but we dispense with a number of assumptions 
which perhaps looked more cautious ones, which however were in effect arbitrary. 


The chiet reason tor pursuing the steady Sta theory lies in the oreat economy ot 
hypotheses and the fact that unique predictions result for the future observations of 
the distant nebulae. Theories that contained a secular change of the universe were 


Nevel definite in then predictions ot obser TIONS usually tol several reasons bi 


nebulae cannot be traced in sufficient detail to 

ires of objects that are consistently younger the further we look. 
‘ theories suffer from this debility, and whether they are in fact 
in the category of -“satisfving scheme’ rather than the 

ulae, which will be concerned with detailed measures 

ild remain mere l\ a further collection of data in no 


led quantities Can show that some 


The Physics of the Expanding Universe 


unitorn 
which the 


the present writel 
dis 

al 

new 


ePA\CeCSS 


G. GAMOW 1727 


reddening of distant elliptical galaxies, observed by Srepsins and WuHITFORD,* 
definitely indicates the presence of « volutionary trends in the Universe at large 


2. IMPORTANCE OF THERMAL RADIATION IN COSMOLOGY 


Returning to the picture of evolutionary expansion of the Universe from the 
original dense state, we may ask the question about the physical conditions which 
must have existed at different stages of this expansion and about the processes 
which could have caused the differentiation of the originally homogeneous material 
into the present highly heterogeneous system of indi idual galaxies. stars, planets ele 
In the study of physical processes which have taken place in the past history of 
the Universe, it is important to distinguish between the part played by ordinary 
matter (material particles) and the part played by thermal radiation (heat quant 
Within the limits of our ordinary physical experience, thermal radiation penetrating 
all material bodies (unless. of course. these are at absolute zero temperature) plays a 
comparatively unimportant role in their mechanical and thermal behaviou Con 
sider, fon example a unit volume of air at normal density and temperature; we have 
here a mixture of ordinary atmospheric gases with a gas tol med by quanta ot thermal 


radiation. For the mass-density p and heat capacity C of that system we can write 


and 


where m and » are the mean mass of the particles ind their numbet per unit 
and A and a BOLTZMANN'S and STEFAN’S constants 

Substituting numerical values, we find for the mass-density and for 
capacity of radiation 7 l0--° gm per em? und 8 10-* erg per cm’-degree 
respectively; both figures are negligibly small as compared with those for the material 
component, 

However. if we now consider a mixture of matter and radiation in the central 
regions of stars. we find the situation somewhat different. In fact, for fe) LOO om pel 
em*, and 7' 2 10° “K the mass-density of radiation is still negligible as compared 
with that of matter, but its heat-capacity is now 2-4 lO erg per cm?-degree, 
which is 2} per cent of the heat-capacity of matter under these conditions. In the 
radiation of hotter stars the heat capacit (and pressure ) becomes still larger, and 
must be taken into account in all thermodynamic and hydrodynamic considerations. 

Let us now consider a unit volume of interstellar gas with a density of 
10-*4 om per cm? and a temperature of about LOO’ K. The mass-density of radiation 
under these circumstances (0:8 10-*5 gm per cm?) is still very small, and negligible 
as compared with that of matter. But the heat capacity of radiation is now 
3 LO-* erg per cm?-degree. ecceeding the heat capacity of matter by a factor of 
two-hundred million. Thus in all thermodynamic considerations pertaining to such a 
mixture of atoms and heat quanta, thermal radiation will play the principal role. 
In particular, if such a mixture is adiabatically expanded or contracted, the change 


of temperature will be determined entirely by radiation. Since, as is well known, the 


temperature of adiabatically expanding radiation drops in inverse proportion to the 


* See A. E. WHITFORD; Astron. J., 58, 49, 1953. 


ne, whereas the temperature of a (monoatomic) gas changes 


olume to the power of two-thirds, the material part of the system 
r, and there will be a constant stream of energy from the radiation 
to the much larger heat-capacity of radiation, the 
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that energy would be taken away by thermal radiation due to its enormous heat 


capacity, and as a result the temperature of the mixture would hardly rise above 


absolute zero 


3. RADIATION- AND MATTER-ERAS IN THE HISTORY OF THE UNIVERSE 


Apart from the heat content of the Universe produced by nuclear reactions in stars, 


there also could be some heat /eff over from the earlier pre-stellar stage, since, 


indeed. it would be rather unnatural to assume that the original homogeneous 


material of the young Universe was completely free from any thermal motion 


To estimate this residual heat. we must consider in some detail the laws of expansion 


ot space if the latter is filled with a mixture of Cas ind thermal radiation \ccording 
| 


ehaviour of a homogeneous ISOTTODIL 


to the general theory of relativity the time 


Universe IS deseribed by the equation 


where / is the distance between anv two material points in the expanding space 


locity of light 


the total mass-density. G Newton's oravitationa ynstant. ¢ the vel 


and F# the radius of curvature 


The ilue of p is given by the formula we notice that, while in the process of 
a , ' 
ePXpPAanNnsion t he first term varies as /~”. the second term Goes as ! (hecause / ~ 
Since the second term under the radical in (3 ries as / we conclude that, for 
suthciently early stages of the expansion the onlv ii portant term under the radica 
is the one representing the mass-density of the radiation Neglecting the other twe 
terms, and replacing the logarithmic derivative of by the negative logarithmi 
adder) itive of 7’ we obt Lin 
1 d7 Sa [4 
} 
I’ dt mn 
which integrates as 
> ) () 
/ Ix 
N i pe (ity 


where f 1s counted in seconds trom the singular state representing the beginning 


of the Universe. For the mass-density of radiation during that period we obtain 


t-4 10) 


Let us assume tor a moment that these formulae still hold for the present state of 
the Universe, 7.c. that even at present the radiation density exceeds the density of 


matter. Using for? the present age of the Universe, 5 10” years or 1-5 1017 see 


(as given by ceological data and by the study of stellar evolution), we would get 


T 44 (present) 40 K, and p,.,,4 (present) 2 « 10-*9 gm per em? = 20p, 


‘ (present iP 


these are results which by themselves do not contradict known facts. However, 
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ft the expanding universe 


still holds at the present time, and calculating the 
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Similarly, noticing that, in the present era, the radiation-density must vary in 
inverse proportion to the fourth power of the time (because pow F* T ~I-, and 
] ~ t). we find. 


»,., (present) om per em?. ow ob BO) 
Prad 


fA 


For the present density of residual radiation we obtain 6 10-82, corresponding to 


about 6 K. Thus we may conclude that the residual heat found at present in the 
Universe is comparable with the heat provided by nuclear transformations in stars. 


id 


{., FORMATION OF CHEMICAL ELE , \ND ORIGIN OF GALAXIES 


The above considerations give us a gene picture of changing physical conditions 
characteristic of the evolutionary history of our Universe. We will indicate here 
only quite briefly how this information ean be used for the explanation of various 
characteristic properties of the Universe as we know it to-day. First of all, it may be 
suggested that. at least partially the relative abundances of the atoms of various 
chemical elements were conditioned by thermonuclear reactions which took place at 
high speed during the very early stages of expansion while the temperature of the 
Universe was exceedingly high \nd. in fact. the caleulations in that direction 
carried out by the present write and late some more detail by Fermi and 
TURKEVICH,? le: 1 value of the H o which is in good agreement with 
observational data. However, there are still some difficulties to be overcome in 
inderstanding the abundances of heavier elements. and there is a possibility that the 


original distribution was partially modified b rious processes during the later 


stages ot the evolution 


f the expanding universe 


The second interesting point 1s connected with the problem of the formation of 
It is natural to believe that, during the radiation-era of the evolution, 


particles were distributed uniformly through space, being carried around 


nore abundant gas of heat quanta. However, as soon as the density of 


ime higher than that of radiation JEANS’ process of gravitational instability 
set to work, and broken up the homogeneous gas of material particles 
gas clouds. According to the well-known formula of JEANS the diameter 


ional condensations is given by 
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